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Microbes have a wide range of metabolic capabilities available that makes them industrially useful organisms. Moni-
toring these metabolic processes is a crucial component in efficient industrial application. Unfortunately, monitoring
these metabolic processes can often be invasive and time consuming and expensive, especially within an anaerobic
environment. Electrochemical techniques, such as cyclic voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) offer a non-invasive approach to monitor microbial activity and growth. EIS and CV were used to monitor
Clostridium phytofermentans, an anaerobic and endospore-forming bacterium. C. phytofermentans ferments a wide
range of sugars into hydrogen, acetate, and ethanol as fermentation by-products. For this study, both traditional
microbiological and electrochemical techniques were used to monitor the growth of C. phytofermentans and the for-
mation of fermentation products. An irreversible reduction peak was observed using CV beginning at mid-logarithmic
phase of growth. This peak was associated with C. phytofermentans and not the spent medium and was indicative of

a decrease in carbon and energy sources to the cells. Additionally, EIS analysis during growth provided information
related to increased charge transfer resistance of the culture also as a function of carbon and energy source depletion.
Results demonstrate that CV and EIS are useful tools in the monitoring the physiological status of bioprocesses.
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Introduction

A variety of industrial processes rely on the astounding
diversity of microbial metabolic capabilities as well as
recent technological advances, all leading to an increase
in bioprocess technologies in industries such as food and
beverage, pharmaceutical manufacturing, and energy
production (Demain 2000; Vojinovi¢ et al. 2006). Moni-
toring the growth and activity of the various microbes
involved is an essential component of bioprocesses for
process efficiency. Even small changes in the growth
environment, such as pH, temperature and pressure can
affect metabolic processes carried out by the microbes
(Vojinovi¢ et al. 2006; Skibsted et al. 2001). Thus, there
is a need for rapid and active analysis methods for
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and indicate if changes were made.

monitoring growth and activity of microbes (Skibsted
et al. 2001; Hobson et al. 1996; Alves-Rausch et al. 2014).

Costs for off-line monitoring including sample collec-
tion and analysis necessitate a somewhat minimalistic
approach for data collection which decreases the oppor-
tunity for early problem detection (Vaidyanathan et al.
2001, Schiigerl 2001; Marose et al. 1998). Although, real-
time monitoring with the use of on-line sensors is ideal,
monitoring gas phase parameters has not provided suf-
ficient analytical results, mostly due to problems associ-
ated with liquid-to-gas mass transfer (Pauss et al. 1990).
On-line monitoring with in situ electrodes also has
problems related to electrode biofouling and therefore
requires sufficient maintenance, with associated time and
cost for reliable data (Harms et al. 2002).

Monitoring and sampling should be conducted to not
contaminate or negatively affect the culture (Vojinovié
et al. 2006; Harms et al. 2002; Clementschitsch and Bayer
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2006; Beutel and Henkel 2011). Additionally, the technol-
ogy used to monitor the bioprocess must be able to sur-
vive harsh conditions, such as sterilization and pressure
changes (Harms et al. 2002; Clementschitsch and Bayer
2006; Beutel and Henkel 2011).

Many of the in situ monitoring technologies pres-
ently being used often have issues of measurement drift
because of precipitation of biological materials, changes
in medium composition and the growth of the organ-
isms, which can result in thick biofilms on electrodes
(Harms et al. 2002; Clementschitsch and Bayer 2006).
Drift results in inaccurate measurements and/or the need
for frequent recalibration (Harms et al. 2002). Critical
research in this field relates to measurement technol-
ogy for biomass and product concentration as well as the
metabolic state of the cultures (Landgrebe et al. 2010).
For example, under batch fermentation conditions,
knowledge of growth cycle completion will result in more
efficient time management and therefore cost savings for
the industry concerned. Additionally, an indication of
appropriate sampling time is also needed for efficient bio-
processing. In summary, in situ monitoring is required to
improve the efficiency of bioprocesses. The purpose of
this work therefore, is to evaluate the use of electrochem-
ical methods for on-line bioprocess monitoring.

Electrochemistry provides a noninvasive approach to
monitor microbial activity and allows for the monitoring
of electron flow within a microbial community as a func-
tion of carbon and energy source utilization. Advantages
include real-time or near real-time results with little to
no sample collection. This method of monitoring is pos-
sible because microbial cells are composed of charged
components. For example, the microbial cell surface is
negatively charged resulting from constituents such as
membrane glycoproteins (Markx and Davey 1999). This
charge attracts positive ions to the microbial cell mem-
brane forming a double layer (Markx and Davey 1999).
Moreover, the lipid bilayer of the cell and the ions con-
tained within the cytoplasm allow the cell to interact
electrochemically (Markx and Davey 1999). For this
interaction to take place a potential must be applied to
the electrical system.

Cyclic voltammetry (CV) measures redox active com-
ponents in the system [Bard and Faulkner (1980)], and
thus, the electrochemical activities of bacteria present
(Rabaey et al. 2004; Fricke et al. 2008). In cyclic voltam-
metry, the current is measured as a range of potentials
is applied (Harnisch and Freguia 2012; Ronkainen et al.
2010). CV was shown to be useful in monitoring biofilms
throughout the early stages of development on electrodes
and provides utility in monitoring biofouling associated
with industrial operations (Vieira et al. 2003). Changes in
peak currents during CV evaluation of microbial cultures
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are related to cell viability and metabolic status (Ci et al.
1997; Matsunaga and Namba 1984). In addition, rapid
voltammetric scans also remove biofilms from elec-
trodes (Vieira et al. 2003) indicating that this technique
can be used to clean electrodes in situ. Consequently, CV
has the potential to monitor cellular activity in situ for
extended periods without interference from biofouling.

Electrochemical impedance spectroscopy (EIS) is used
to understand many phenomena in electrochemical sys-
tems to provide information related to the bulk phase as
well as inner and outer interfaces of materials. EIS meas-
ures the impedance by imposing low amplitude pertur-
bations of the current or voltage over a wide frequency
range. Plots of the components of impedance in the com-
plex plane can then be analyzed to assess the processes
affecting the resistance of the system and to estimate
the time constant for these processes. Analyses of these
spectra have used equivalent circuit models that qualita-
tively relate physical parameters to phenomena occurring
in electrochemical cells. The EIS of biological systems
reveals changes in electrical properties with frequency
(Zhbanov and Yang 2017). At 100 kHz and lower, signals
are associated with lipid membranes, counter ion diffu-
sion, cellular membrane potential, and displacement of
charged ions surrounding charged membranes (Zhbanov
and Yang 2017; Heilman et al. 2013).

In this study, we used the electrochemical techniques
(CV and EIS) during the growth of C. phytofermentans.
We hypothesized there would be changes in the electro-
chemistry that can aid in the detection of growth and
physiological status of the C. phytofermentans. These
techniques offer the advantage of monitoring the physi-
ological status of the cells during growth and bioprocess
conditions being monitored.

Materials and methods

Strain and growth conditions

Clostridium phytofermentans (ATCC 700394) was cho-
sen as the bacterial species for this project to evalu-
ate the use of electrochemistry as a possible method to
measure bioprocess reactions. C. phytofermentans is a
rod shaped (0.5-0.8x3-15 pm), endospore-forming
obligate anaerobe. Endospores are round and terminal,
usually 0.9-1.5 um. C. phytofermentans is motile with
one or two flagella present and has been shown to grow
on a large variety of organic substrates including those
found in plant biomass, such as cellulose (Warnick et al.
2002). Fermentation end products include carbon diox-
ide, hydrogen, acetate, and ethanol (Warnick et al. 2002;
Jin et al, 2011; Olson et al. 2012). C. phytofermentans
was first described in 2002, after being enriched from
forest soil as a novel cellulolytic species (Warnick et al.
2002). Its genome was later shown to contain the highest
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number of cellulases and hemicellulases of any sequenced
clostridial genome (Olson et al. 2012; Jin et al. 2012).
Although not yet used at the industrial level, advances in
genetic tools have the ability to increase its cellulytic and
hemicellulytic potential making it a possible candidate
for large-scale bioprocesses (Olson et al. 2012).

C. phytofermentans was grown in GS-2C medium,
which was prepared as follows per liter distilled water:
6.0 g yeast extract, 2.1 g urea, 2.9 g K,HPO,, 15 g
KH,PO,, 10.0 g 3-(N-morpholino) propanesulfonic
acid (MOPS), 3.0 g trisodium citrate dehydrate, and
2.0 g L-cysteine HCI (Warnick et al. 2002). Final pH was
adjusted to 7 with 5 N NaOH. Following the Hungate
method (Miller and Wolin 1974) media were brought to a
boil and sparged using high purity N,. After cooling, the
medium was aliquoted into 125 mL Wheaton serum bot-
tles previously degassed with high purity nitrogen, each
sealed with a black butyl rubber stopper (Geo-Micro-
bial Technologies, Inc.) and crimped with an aluminum
seal (Wheaton). The butyl rubber stopper had a screen
printed electrode inserted through it (Pine Instrumen-
tation #RRPE1001C). Prior to performing experiments,
the sealed serum bottle was evaluated for gas tightness
by submerging under water. Additionally, serum bottles
were kept upside down over night to evaluate for leak-
age. Aliquots were autoclaved at 121 °C for 15 min. Once
cooled, the aliquot was amended with a filter sterilized,
deoxygenated cellobiose solution to a final concentration
of 1 g L™1. A 2% inoculum of a stationary phase (spor-
ulated) culture of C. phytofermentans was aseptically
added using anoxic techniques.

Cell density measurements

Liquid samples (1 mL) were collected during incuba-
tion and then placed into a disposable plastic cuvette for
optical density measurements at 550 nm using a UV/Vis
spectrophotometer (Shimadzu UV-2401PC). Liquid sam-
ples were stored in a 1.5 mL microcentrifuge tube at 4 °C
for subsequent analysis of cellobiose, ethanol, acetate and
protein concentration.

Cell counts

Cell counts were performed using DAPI (4/,6-diamidino-
2-phenylindole) staining. To do this, optical density was
measured on a 1 ml sample. Of this sample, 900 puL was
saved and 100 pL of 20% paraformaldehyde (final con-
centration, 2%) was added to preserve the sample for up
to 48 h at 4 °C. After at least 20 min (but no more than
48 h), dilutions were made using sterile sodium buffered
saline (pH 7.2). Cells were filtered and stained for 5 min
with 2 pg mL~! DAPI. Imaging was conducted using an
epifluorescence microscope (Nikon Eclipse E600) with
at least five fields per filter (GVS Life Sciences, poretics
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polycarbonate track etched black 25 mm 0.2 pum) counted
with the aid of Image]J software.

Hydrogen production

Hydrogen production was measured using gas chroma-
tography. Headspace samples were collected at the pre-
viously stated times. Headspace pressure was measured
using a digital manometer (Dwyer Series 477). Head-
space samples were collected using a gastight 250 pL
glass syringe. The samples were injected into a gas chro-
matograph (Agilent 7890A) with a HP Plot Molesieve
column (Agilent J&W, 30 m, 0.32 mm, 25 pm). The fol-
lowing operating conditions were used: inlet at 105 °C
splitless, 5.75 psi, total flow 3.5 mL/min with the oven
temperature held at 85 °C for 10 min. The detector was
a thermal conductivity detector set at 275 °C with a ref-
erence flow at 17.0 mL/min and makeup flow at 5.0 mL/
min. Argon gas was used as the carrier gas at a flow rate
of 0.4 mL min~"'. Peak analysis was performed using Agi-
lent Chemstation, Enhanced Data Analysis G1701DA ver
D.00.00.38 and Microsoft Excel.

Cellobiose utilization, ethanol and acetate production
High performance liquid chromatography (HPLC) analy-
sis using the supernatant collected during the prepara-
tion of the stored liquid samples for protein analysis was
performed to measure acetate and ethanol concentra-
tion as well as cellobiose utilization. To do this, 500 pL
of the supernatant was placed in a 2.0 mL screw-top
glass vial and capped with a septum. Samples were ana-
lyzed using HPLC (Agilent 1200 series) equipped with a
refractive index detector with an Aminex HPX-87H col-
umn (Bio-Rad #125-0140) with the following specifica-
tions: 300 x 7.8 mm, 9 um particle size with an attached
Cation H micro-guard, 30 x 4.6 mm (Biorad, # 125-0129)
column. The samples were run using 5 mM H,SO,, as
the mobile phase with a flow rate of 0.6 mL min~?, and a
sample volume of 5 pL. Standards of cellobiose, acetate,
and ethanol were also run. A standard curve was created
and concentrations were determined using the Agilent
Chemstation software.

Cyclic voltammetry

All electrochemical studies were performed on a four-
channel potentiostat, VersaSTAT MC (Princeton Applied
Research) with data recorded via VersaStudio software
version 2.42.3.

Flat patterned electrodes (Pine Instruments) con-
sisted of a 2 mm diameter graphite working electrode
surrounded on 3 sides by a graphite counter electrode
with a Ag/AgCl reference electrode. Electrodes were fit-
ted through preformed slits in butyl rubber stoppers
and sealed gas tight with silicone glue and secured onto
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serum vials with aluminum seals (Fig. 1). All vials with
electrodes were autoclaved en bloc prior to studies.

Cyclic voltammetry (CV) was used to monitor changes
in the electrochemistry of the system during the growth
of C. phytofermentans and uninoculated medium. Initial
studies involved analyses versus open circuit potential
and established variation in reduction peaks relative to
growth conditions. Follow on studies involved the same
methodology but versus the Ag/AgCl reference.

Additionally, an inoculated control lacking the addition
of cellobiose was also tested. Throughout the studies, the
flat patterned graphite electrode was first electrochemi-
cally cleaned to remove any fouling on the electrode by
sweeping the potential rapidly from —2.0 to +2.0 V at
1000 mV/s for electrochemical cleaning with three clean-
ing scans before each analysis.

Peak characterization

To determine if the observed peak(s) from the CV data
were associated with the cell surface or the spent medium
bulk phase, two independent approaches were used. First
the CV scan rates were varied using the following scan
rates: 10, 25, 50, 100, 500, and 1000 mV/s. Peak current
was measured using the VersaStudio software and plot-
ted versus scan rate in Microsoft Excel. For this analysis,
a linear correlation of peak current to scan rate indicates
that the peak is associated with the cell surface whereas
a logarithmic fit indicates the peak is associated with the
spent medium (bulk phase) (Laviron 1983).

The second approach involved the physical separation
of the cells from the spent medium. C. phytofermentans
was grown to the completion of logarithmic growth dur-
ing which time a CV peak was observed. At the time at
which this peak occurred, 10 mL of culture was anaero-
bically collected using a sterile needle and syringe and
injected into a 30 mL sterile syringe and passed through a
0.22 um filter into a sterile Balch tube filled with nitrogen
gas. CV was conducted on the cell free medium with a
20 mL sterile Balch tube purged with 101 kPa anaerobic
N,. Additionally, sterile medium was measured to ensure
the peak was not associated with medium components.

EIS methods and modeling

EIS measurements were carried out in sterile and inoc-
ulated media with a sinusoidal signal perturbation of
50 mV, with a frequency range of 10° Hz to 1072 Hz. Ten
measurements were recorded per decade of frequency
with a measurement delay of 2 s. Data were analyzed
with ZView software (Scribner Associates). EIS was per-
formed immediately following 3 cycles of voltammet-
ric stripping and conditioning of the electrode (—2 V to
-+2 V: 1000 mV/s). Data were evaluated as Nyquist and
Cole—Cole plots. The Nyquist plot represents impedance
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Fig. 1 Experimental arrangement and microbiological data. a
Inverted 125 mL serum bottle with electrode assembly inserted
through a black butyl stopper and sealed gas tight. Sterile anaerobic
growth medium was inoculated with C. phytofermentans spores
prior to growth studies. b Growth curve of C. phytofermentans.
Concentration of C. phytofermentans is shown over an 87-hour

time period. Values are the mean £ S.D. of two duplicate growth
studies. ¢ DAPI staining of C. phytofermentans. DAPI stained images
at inoculation (1), lag (I1), log (lll), and stationary (IV) phases of growth.
d Conversion of cellobiose (diamond) to acetate (square), ethanol
(triangle), and hydrogen (circle) by C. phytofermentans during growth.
Values are the mean % S.D. of two duplicate growth studies
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at each frequency, Z (w), in complex plan where real (Z')
and imaginary (Z”) impedance are measured. The com-
plex dielectric function (Cole and Cole 1941, 1942) was
presented as Cole—Cole plots where real (¢’) and imagi-
nary (¢”) permittivity are a function of impedance as
defined follows:

8/ _ _Z// 1
= 271 270G, 1)

" o__ ~Z' 2
22+ Z")wC @

where o =angular frequency and C,= capacitance of an
empty cell.

Circuit model and description of parameters

Impedance and permittivity data from EIS analyses were
interpreted using circuit models to determine electro-
chemical parameters relevant to microbial activity
throughout the growth cycle. For circuit model develop-
ment the elements are sized using a Complex Non-linear
Squares (CNLS) method to give the best fit of the equiva-
lent circuit model to the experimental data. Typical elec-
tric circuits used to model impedance data are resistor

(zero frequency impedance, R_ ® ), capacitor (C ¢ )

constant phase element (CP ), and Warburg imped-

E CPE1

>
ance (WApL). The relationship between the impedance
and equivalent elements are shown below.

Zr = R (3)
Zc = 1/(joC) : jis imaginary number (/ — 1)  (4)

Zcpg = 1/(jw)PT : p = phase angle, T = capacitance
(5)

Zy =1/T{/(jo) (6)

Results

Microbiological analysis of C. phytofermentans growth
Clostridium phytofermentans had approximately a 3-day
growth cycle with a calculated doubling time of 2.3 h
per generation. Cell counts indicated that lag phase of
growth occurred on day one, (which would have included
endospore germination), logarithmic phase of growth
on day two and stationary phase of growth on day three
(Fig. 1). Chromatography results corroborated this with
cellobiose utilization as well as acetate and ethanol pro-
duction beginning with log phase growth initiating at
about 24 h (Fig. 1). The remaining cellobiose was uti-
lized on the second day. Acetate, ethanol, and hydrogen
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production also peaked on the second day and remained
constant throughout.

CV results and data analysis

During mid-log phase growth (~36 h) an irreversible
reduction peak was detected (relative to abiotic controls)
with the largest peak current as log phase growth tran-
sitioned to stationary phase (42 h) and then continued
to diminish into stationary phase (87 h) corresponding
somewhat with cell concentration over time (Fig. 2 and
Additional file 1: Fig. S1).

The nature of the reduction peak was evaluated by
removing the bacterial cells from the medium and evalu-
ating only the spent medium by CV. As shown in Fig. 3,
a reduction peak is not observed in the medium after
cells were removed but only in the presence of bacteria.
In a separate complimentary study, peak current of the
voltammograms was plotted against various scan rates
demonstrating a linear fit and thereby corresponding to
electron transfer at the cell surface but not the bulk phase
(Fig. 3 inset).

EIS results and data evaluation

Figure 4 shows the predictions of both Nyquist plots
and Cole—Cole plots under abiotic control at tempera-
ture of 35 °C from initial stage to 87 h. The frequency
range was set from 1072 to 10° Hz. Note that these pre-
dictions are a good fit when compared to experimen-
tal data. Figure 4c presents the equivalent circuit used
in this study. It consists of resistor (R1) that represents
the electrolyte resistance, connected with parallel cir-
cuits of resistor (R2), constant phase element (CPE1)
and a series of resistor (R3) and constant phase element
(CPE2). With this circuit, R2 and CPE1 represent the
value and shape at lower to medium frequency and R3
and CPE2 control the value and profile at low to high
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Fig. 2 Cell density correlated with reduction peak charge density.
Variations in charge density of the reduction peaks generally followed
growth data from mid-log phase growth until stationary phase
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Fig. 3 Reduction peak confirmed to be associated with C.
phytofermentans. With bacterial cells (solid line) in the medium, a
reduction peak is observed. When the bacterial cells are removed
(dashed line), the reduction peak is no longer observed. Inset: Linear
regression of peak current versus scan rates. The peak current of each
scan rate was plotted and corresponded surface associated electron
transfer based on linear regression analyses

frequency. From Fig. 4, the Nyquist plot shifted from
top to bottom with time especially at the lower fre-
quency and the Cole—Cole plot shifted from bottom to
top also at lower frequencies.

Figure 5 presents the EIS plots for C. phytofermen-
tans during growth on cellobiose. These plots include
both experimental data and predictions. The shapes of
Nyquist plots are similar to the case without cell cul-
ture as shown in Fig. 4. However, the graph starts to
move up from the initial stage until 20 h then it shifts
down toward the end of experiment. For the Cole—Cole
plot, the changing pattern of the graph is similar to the
Nyquist plot for only medium to low frequency. At the
range from high to medium frequency, the Cole—Cole
plot moved down from initial stage to 20 h after which
it moves up until the end of the run.

The change of circuit parameters during abiotic con-
trol and the growth of C. phytofermentans are shown
in Fig. 6. This figure provides the profiles of R2 and
R3. It clearly shows that R2 has very small decay with
time and R3 is unchanged under abiotic control. R1
values (Additional file 1: Fig. S2) for the abiotic con-
trols remained constant through the study while that
of the C. phytofermentans culture changed little during
growth but registered slight changes before growth and
shortly after growth ceased. This result could reflect
slight changes in fluid conductivity of the culture. CPE
1 and CPE2 values for the culture and CPE2 of the abi-
otic control remained essentially constant throughout
the study while the CPE1 control demonstrated some
drift over time (Additional file 1: Fig. S3).

When there is metabolic activity of C. phytofermen-
tans, the changes of R2 and R3 are significant. For the
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first 20 h, R2 increased while R3 decreased. After that,
R2 decreased drastically meanwhile the R3 significantly
increases. Both reached steady state after 60 h.

Discussion

Here we evaluated electrochemical methods correspond-
ing to microbiological and biochemical analyses for
potential as an in situ monitoring strategy that can be
employed for a broad range of bioprocesses for real time
growth data on demand. The basis for this technology
is that the growth and metabolism of microbes depends
on a series of oxidation/reduction reactions (Demain
2000). The movement of electrons via metabolic path-
ways and electron transport chains as a function of car-
bon and energy source utilization as well as ionic flux
across membranes can be measured by electrochemical
techniques.

In this study, C. phytofermentans was chosen as an
example of a microbial culture with potential in indus-
trial microbiology, specifically the ability to ferment a
large range of carbohydrates producing acetate, ethanol
and hydrogen. Growth of C. phytofermentans with cello-
biose was similar to previous studies with an approximate
3-day growth cycle (Warnick et al. 2002).

Production of fermentation products coincided with
the 3-day growth pattern observed for C. phytofermen-
tans. As cellobiose was utilized, cell density increased
along with production of acetate, ethanol and hydro-
gen, until cellobiose was depleted. Cell density generally
followed changes in charge density however it is more
likely the charge density more accurately relates to the
metabolic status of the cells rather than cell density. In
particular, the nature of a reduction peak without its con-
comitant oxidation peak indicates electron uptake and in
this case, utilization by the cells. Direct electron uptake
from an electrode has been reported in Clostridia related
to bioelectrochemical systems and especially associated
with NADH/NAD™ pathways (Choi et al. 2014).

In the present study, direct electron transfer from elec-
trode to C. phytofermentans was demonstrated with a
strong linear correlation of peak current vs scan rates as
well as an absence in current production with cell free
spent medium. Direct electron uptake from an electrode
increased the metabolic reducing power of C. pasteur-
inium (Choi et al. 2014) as is evident in a shift of the
NADH/NAD™ ratio by increasing intracellular reducing
power. Here we show the increase in reduction current
from bacterial contact to the electrode in the bacterial
suspension began at mid-log phase growth when the car-
bon and energy source was becoming depleted. During
this time, a shift in the NADH/NAD™ ratio to be more
oxidizing is expected in the culture with the decrease in
concentration of the carbon and energy source. This loss



Martin et al. AMB Expr (2018) 8:162 Page 7 of 10

a  _sg«08
1Sh _
28h "7 ;\-f"‘ ,]
s o
HEWOS| 39p --- i
48h o “t";]vy o /
-3E+08 22h  — .- ,’_“-:,,’{/‘ -
i g -
- 87h . o x
y - ” = ‘
2B+0S Average ,/{/ A
Sh
l,{,;..
a
-1E+0$ //
&
V4
OEMf

0.00E+00 S.00E+04 1.00E+0S 1.50E+05 2.00E+0S 2.50E+05
z

-2.50E-05
15h

2dh 7T
-2.00E-05 39h -~~~

48h -

63h — -
ASOE0S [ oo

2 87h
10005 | Average

yA
S00E08 M

"l'
0.00E+00
0.00E+00 S.00E-06 1.00E-05 1.50E-05 2.00E-05 2.50E-05 3.00E-05

€

c Ri R2
— A AN
CPE1
—)>
R CPE2
A —

Fig. 4 EIS results from abiotic controls from both Bode (a) and Nyqyist (b) plots demonstrated minimal drift and good precision from 100 kHz

to 0.01 Hz. throughout the course of the study. The equivalent circuit (c) used to fit the data where R1 represents electrolyte resistance at high
frequency, CPET and R2 represent a constant phase element and charge transfer resistance, respectively at lower to medium frequencies, with CPE2
and R3 representing a constant phase element and a modification of the charge transfer resistance respectively at low to high frequencies




Martin et al. AMB Expr (2018) 8:162

Page 8 of 10

-8E+05

-TE+05
-6E+05
-SE+05

& -4E+05
3E+05
2E+05

-1E+05

e /Experiment Simulation
1S5h
24 h
39h ~---
48h - -

63h —-—
—— 72h —.-

o— 87h —

——

i

P —

0E+00 A

-1.80E-05

0.00E+00 5.00E+04 1.00E+05 1.50E+05 2.00E+05 2.50E+05 3.00E+05 3.50E+05 4.00E+05

z

Experiment  Simulation
15h
24 h
39h ===
48h -~
63h — -
—— 72h —.-

. 87h

-1.60E-05

—_——

P

-1.40E-05

-1.20E-05

-1.00E-05

e”

-8.00E-06 |

-6.00E-06 |

-4.00E-06

-2.00E-06

0.00E+00

0.00E+00 5.00E-06 1.00E-05

fitted to the equivalent circuit (Fig. 4) with good precision

1.50E-05

Fig.5 EIS results of cultures of C. phytofermentans from both Bode (top) and Nyquist (bottom) plots during growth on cellobiose. The data were

2.00E-05 2.50E-05 3.00E-05

’

€

of intracellular reducing power may predispose the cells
to accept extracellular electrons more readily as evident
by the increase in reducing current to the bacteria at mid
log phase growth in this study.

EIS data provided a broader view of the system electro-
chemistry. Our model demonstrated that charge transfer

resistance at the lower frequencies (R3) was closely cor-
related with metabolic activity during growth. This pro-
vides evidence that the variation in charge density of
reduction peaks throughout growth was linked to the
ease in microbial electron transfer during growth, with
greater difficulty occurring as carbon and energy sources
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Fig. 6 The equivalent circuit used was in good agreement with the
experimental data and provided information related to changes
in R2 (top), ascribed to ionic flux across bacterial membranes
and R3 (bottom), ascribed to metabolic activity and growth of C.
phytofermentans (black circles) relative to abiotic controls (white
circles)

are becoming depleted. The decrease in charge trans-
fer resistance as the culture transitioned into station-
ary phase growth likely was due to the decreased energy
levels of the cells as well as a return to the spore stage.
Previous impedance analyses of bacterial cultures also
demonstrated an increase in overall permittivity during
growth with a sharp decline during sporulation (Sar-
rafzadeh et al. 2005).

Bacterial growth or catabolic activity was not detected
during the first 24 h after inoculation as the inocu-
lum consisted of a stationary phase culture and based
on direct counts the culture medium consisted of
endospores. Cole—Cole plots however demonstrated
an increase in resistance (R2) during lag phase growth
several hours after inoculation and then subsided and
remained constant as metabolic activity initiated and
cellular growth resumed. These data reflect frequency
responses that could be related to chemical and physical
changes in the medium and could signify rapid ionic flux
in the culture medium associated with endospore germi-
nation. The purely biophysical and biochemical reactions
that occur during endospore germination and leading
up to metabolically functioning vegetative cells likely
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account for the sudden increase in R2 values just prior to
growth and carbon source utilization.

In Clostridia, endospore germination is a dynamic
event and consists of actions that are biochemical and
biophysical in nature, which include a rapid release of
monovalent cations and dipicolinic acid leading to degra-
dation of endospore peptidoglycan and then followed by
rehydration and finally resumption of metabolic activity
(Moir 2006; Paredes-Sabja et al. 2008; Olguin-Araneda
et al. 2015). These data offer evidence that activities
related to chemical and physical changes in cultures can
be detected and differentiated with EIS and circuit mod-
els and demonstrate that electrochemical methods will
be able to provide valuable, real time information typi-
cally obtained from more traditional methods.

In summary, the results of these studies show that CV
and EIS are useful as a real-time measure of bacterial
growth and physiological status. These results are sig-
nificant in that an industrial process can be monitored
without the need to collect samples, which can disrupt
or even contaminate a process. Incorporation of an elec-
trode configuration into a conventional bioreactor will
enable the linking of electrochemical data to process
controls which offers a potential method of efficient auto-
mation of bioprocess controls. Furthermore, this meth-
odology can potentially provide additional insight into
various cellular metabolic processes such as those pre-
sent in industrial fermentations.

Additional file

Additional file 1. Figure S1 Voltammograms of C. phytofermentans
during growth. Reduction peaks were evident in the presence of C. phyto-
fermentans during growth with variations in the peak current throughout
the growth cycle. Insets demonstrate the part of the growth curve that
the CVs represent. Figure S2 Changes in R1 during growth of C. phytofer-
mentans (black circles) relative to abiotic controls (white circles). Figure
$3. Changes in CPE-1 and CPE-2 during growth of C. phytofermentans
(black circles) relative to abiotic controls (white circles).
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fonic acid; DAPI: 4’,6-diamidino-2-phenylindole; HPLC: high performance
liquid chromatography; Z”: real impedance; Z”: imaginary impedance; €”: real
permittivity; €”: imaginary permittivity; w: angular frequency; C: capacitor; C:
capacitance of an empty cell; CPE: constant phase element; R: resistor.

Authors’ contributions
All authors have contributed to this work. All authors read and approved the
final manuscript.

Author details

! Department of Biological Sciences, Life Sciences Facility, Clemson University,
Clemson, SC, USA. 2 Department of Chemical Engineering and Computing,
University of South Carolina, 541 Main Street, Columbia, Columbia, SC, USA.


https://doi.org/10.1186/s13568-018-0692-2

Martin et al. AMB Expr (2018) 8:162

3 Savannah River National Laboratory, Environmental Science and Biotechnol-
ogy, Aiken, SC, USA. # Savannah River Consulting, 301 Gateway Drive, Aiken,
SC, USA.

Acknowledgements
This manuscript is dedicated to the memory Charles E. Milliken, whose friend-
ship and love for science will be truly missed.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data and materials are available on request.

Ethics approval and consent to participate
Not applicable. This paper does not contain any studies with human partici-
pants or animals performed by the authors.

Funding

This work was supported by Bioenergy Technologies Office, Office of Energy
Efficiency & Renewable Energy, Department of Energy, Funding Number:
SRNL 32348 and Savannah River National Laboratory and Laboratory Directed
Research and Development funds under U.S. Department of Energy contract
number DE-AC09-085R22470.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 12 June 2018 Accepted: 26 September 2018
Published online: 04 October 2018

References

Alves-Rausch J, Bienert R, Grimm C, Bergmaier D (2014) Real time in-line moni-
toring of large scale Bacillus fermentations with near-infrared spectros-
copy. J Biotechnol 189:120-128

Bard AJ, Faulkner LR (1980) Electrochemical methods: fundamentals and
applications. Wiley, New York

Beutel S, Henkel S (2011) In situ sensor techniques in modern bioprocess
monitoring. Appl Microbiol Biotechnol 91:1493-1505

Choi O, Kim T, Woo HM, Um Y (2014) Electricity-driven metabolic shift through
direct electron uptake by electroactive heterotroph Clostridium pasteuri-
anum. Sci Rep 4:6961

CiY, Feng J, Jiang Z, Luo D (1997) The voltammetric behavior of Saccharomyces
cerevisiae. Bioelectrochem Bioenerg 43:293-296

Clementschitsch F, Bayer K (2006) Improvement of bioprocess monitoring:
development of novel concepts. Microb Cell Fact 5:19

Cole KS, Cole RH (1941) Dispersion and absorption in dielectrics—I alter-
nating current characteristics. J Chem Phys 9:341-352. https://doi.
org/10.1063/1.1750906

Cole KS, Cole RH (1942) Dispersion and absorption in dielectrics—II
direct current characteristics. J Chem Phys. 10:98-105. https://doi.
org/10.1063/1.1723677

Demain AL (2000) Small bugs, big business: the economic power of the
microbe. Biotechnol Adv 18:499-514

Fricke K, Harnisch F, Schréder U (2008) On the use of cyclic voltammetry
for the study of anodic electron transfer in microbial fuel cells. Energy
Environ Sci 1:144-147

Harms P, Kostov Y, Rao G (2002) Bioprocess monitoring. Curr Opin Biotechnol
13:124-127

Harnisch F, Freguia S (2012) A basic tutorial on cyclic voltammetry for the
investigation of electroactive microbial biofilms. Chem Asian J 7:466-475

Heilman K, Daoud J, Tabrizian M (2013) Dielectric spectroscopy as a viable
biosensing tool for cell and tissue characterization and analysis. Biosen
Bioelectron 49:348-359

Page 10 of 10

Hobson N, Tothill I, Turner A (1996) Microbial detection. Biosen Bioelectron
11:455-477

Jin M, Balan'V, Gunawan C, Dale BE (2011) Consolidated bioprocessing (CBP)
performance of Clostridium phytofermentans on AFEX-treated corn
stover for ethanol production. Biotechnol Bioeng 108:1290-1297

Jin M, Gunawan C, BalanV, Dale BE (2012) Consolidated bioprocessing
(CBP) of AFEX™-pretreated corn stover for ethanol production using
Clostridium phytofermentans at a high solids loading. Biotechnol Bioeng
109:1929-1936

Landgrebe D, Haake C, Hopfner T, Beutel S, Hitzmann B, Scheper T, Rhiel M,
Reardon KF (2010) On-line infrared spectroscopy for bioprocess monitor-
ing. Appl Microbiol Biotechnol 88:11-22

Laviron E (1983) Electrochemical reactions with protonations at equilibrium:
part VIIl. The 2 e, 2H reaction (nine-member square scheme) for a surface
or for a heterogeneous reaction in the absence of disproportionation
and dimerization reactions. J Electroanal Chem Interfacial Electrochem
146:15-36

Markx GH, Davey CL (1999) The dielectric properties of biological cells at
radiofrequencies: applications in biotechnology. Enzyme Microb Technol
25:161-171

Marose S, Lindemann C, Scheper T (1998) Two-dimensional fluorescence
spectroscopy: a new tool for on-line bioprocess monitoring. Biotechnol
Prog 14:63-74

Matsunaga T, Namba Y (1984) Detection of microbial cells by cyclic voltam-
metry. Anal Chem 56:798-801

Miller TL, Wolin MJ (1974) A serum bottle modification of the Hungate Tech-
niquefor cultivating obligate anaerobes. Appl Microbiol 27:985-987

Moir A (2006) How do spores germinate? J Appl Microbiol 101:526-530

Olguin-Araneda V, Banawas S, Sarker MR, Padedes-Sabja D (2015) Recent
advances in germination of Clostridium spores. Res Microbiol
166:236-243

Olson DG, McBride JE, Shaw AJ, Lynd LR (2012) Recent progress in consoli-
dated bioprocessing. Curr Opin Biotechnol 23:396-405

Paredes-Sabja DJ, Torres A, Setlow P, Sarker MR (2008) Clostridium perfringens
spore germination: characterization of germanants and their receptors. J
Bact 190:1190-1201

Pauss A, Andre G, Perrier M, Guiot S (1990) Liquid-to-gas- mass transfer in
anaerobic processes: inevitable transfer limitations of methane and
hydrogen in the biomethanation process. Appl Environ Microbial
56:1636-1644

Rabaey K, Boon N, Siciliano SD, Verhaege M, Verstraete W (2004) Biofuel
cells select for microbial consortia that self-mediate electron trans-
fer. Appl Environ Microbiol 70:5373-5382. https://doi.org/10.1128/
aem.70.9.5373-5382.2004

Ronkainen NJ, Halsall HB, Heineman WR (2010) Electrochemical biosensors.
Chem Soc Rev 39:1747-1763

Sarrafzadeh MH, Belloy L, Esteban G, Navarro JM, Ghommidh C (2005) Direct
monitoring of growth and sporulation of Bacillus thuringiensis. Biotechnol
Lett 27:511-517

Schigerl K (2001) Progress in monitoring, modeling and control of bio-
processes during the last 20 years. J Biotechnol 85:149-173

Skibsted E, Lindemann C, Roca C, Olsson L (2001) On-line bioprocess monitor-
ing with a multi-wavelength fluorescence sensor using multivariate
calibration. J Biotechnol 88:47-57

Vaidyanathan S, Arnold SA, Matheson L, Mohan P, McNeil B, Harvey LM (2001)
Assessment of near-infrared spectral information for rapid monitoring of
bioprocess quality. Biotechnol Bioeng 74:376-388

Vieira MJ, Pinho A, Gido S, Montenegro MI (2003) The use of cyclic voltam-
metry to detect biofilms formed by Pseudomonas fluorescens on platinum
electrodes. Biofouling 19:215-222

Vojinovié V, Cabral J, Fonseca L (2006) Real-time bioprocess monitoring: part I:
in situ sensors. Sens Actuators, B 114:1083-1091

Warnick TA, Methe BA, Leschine SB (2002) Clostridium phytofermentans sp.
nov.,, a cellulolytic mesophile from forest soil. Int J Syst Evol Microbiol
52:1155-1160. https://doi.org/10.1099/00207713-52-4-1155

Zhbanov A, Yang S (2017) Electrochemical impedance spectroscopy of blood
for sensitive detection of blood hematocrit, sedimentation and dielectric
properties. Anal Methods 9:3302-3313


https://doi.org/10.1063/1.1750906
https://doi.org/10.1063/1.1750906
https://doi.org/10.1063/1.1723677
https://doi.org/10.1063/1.1723677
https://doi.org/10.1128/aem.70.9.5373-5382.2004
https://doi.org/10.1128/aem.70.9.5373-5382.2004
https://doi.org/10.1099/00207713-52-4-1155

	In-situ electrochemical analysis of microbial activity
	Abstract 
	Introduction
	Materials and methods
	Strain and growth conditions
	Cell density measurements
	Cell counts
	Hydrogen production
	Cellobiose utilization, ethanol and acetate production
	Cyclic voltammetry
	Peak characterization
	EIS methods and modeling
	Circuit model and description of parameters

	Results
	Microbiological analysis of C. phytofermentans growth
	CV results and data analysis
	EIS results and data evaluation

	Discussion
	Authors’ contributions
	References




