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ABSTRACT

This study investigates the origin of spectral induced polarization (SIP) signals associated with microbial systems, aiming to
distinguish direct microbial electrical effects from indirect geochemical processes. Although SIP has been proposed for detecting
subsurface microbial activity, its interpretation is complicated by overlapping polarization mechanisms. We therefore performed
controlled experiments in simplified, non-geological environments to isolate the roles of microbial presence, attachment, and
activity. Using a custom millifluidic chip, SIP measurements were conducted with Pseudomonas putida KT2440 under three
configurations: bacteria suspended in solution, bacteria attached to metal surfaces, and bacteria affecting SIP through redox
reactions. Bacterial cells in suspension did not produce a measurable SIP response: phase shifts were indistinguishable from
those of the background medium, despite small increases in bulk conductivity. Reanalysis of previous studies indicates that
interpretations based solely on imaginary conductivity can be misleading, and that phase shift is the more reliable indicator.
Likewise, bacterial attachment to metal surfaces did not modify the SIP response, even though microscopy confirmed surface
colonization. In contrast, strong and time-dependent SIP signals were observed when iron was immersed in oxygenated
media, closely tracking oxygen consumption and attributable to surface oxidation. When oxygen was removed—by microbial
respiration or chemical scavenging—the change in SIP response was significantly reduced, and systems with and without
bacteria behaved similarly. Numerical simulations with redox-modified boundary conditions reproduced these trends and linked
SIP evolution to changes in surface capacitance and electron transfer. Overall, SIP is sensitive not to microbial cells themselves,
but to microbially mediated redox processes involving conductive materials.

Introduction

Microorganisms play a major role in elemental cycling on Earth. Recent advances have demonstrated the feasibility of remotely
detecting bacterial gene expression at soil surfaces using a range of reporter-based strategies, including hyperspectral reporters'.
However, mapping microbial activity within the subsurface—where direct optical access is precluded—remains a major
unresolved challenge. Among geophysical techniques, Spectral Induced Polarization (SIP) and time-domain Induced Polariza-
tion (IP) have emerged as promising methods for detecting microbial activity under various conditions>3. These techniques
characterize the dielectric properties of the subsurface: SIP applies a sinusoidal voltage and analyzes the frequency-dependent
response, while IP measures the voltage decay after switching off a direct current pulse. Despite their potential, numerous
challenges remain before SIP and IP can be reliably applied in practical field settings.

Early laboratory investigations were driven by the hypothesis that microbial activity would alter the IP response of surrounding
materials*. This perspective gradually evolved into a more targeted question: can SIP/IP measurements be used to directly
detect microbial activity? To explore this, many studies have examined SIP/IP responses during processes such as biomineral-
ization>~, biofilm formation'®-!2, bioclogging'®'* and biogeochemical transformations like contaminant degradation'>-!?
and other microbial processes such as redox reaction, adsorption and microbial induced chemical reactions'*2-23. These
experimental results are encouraging, particularly because no other geophysical technique currently offers a reliable means of
detecting microbial activity. Some field studies even report that SIP/IP measurements successfully identified zones of microbial
activity in contexts involving decontamination®*>® or mineral precipitation®>-3°. However, many of these successes have
occurred in settings where prior subsurface information—such as the expected reactions—was already available>’-2%-3°. In such
cases, anomalies in SIP/IP data are interpreted through correlations with known or expected zones of microbial activity rather
than through causal mechanisms. The method is far less frequently used in environments without prior knowledge, limiting



its broader application as an exploratory tool. To advance the technique’s applicability, several key challenges must be addressed.

First, interpreting SIP/IP measurements requires careful consideration. A variety of processes can contribute to the observed

polarization response, including the presence of conductive metals and clays®?, pore clogging by non-conductive minerals',
and polarization associated with nanoporous structures?. As a result, it is often challenging to disentangle the specific source
of the SIP/IP signal.
Second, some studies have reported changes in the imaginary part of the complex conductivity (¢") as an indicator of microbial
activity. However, because 6” is related to the real part of conductivity (6”) and the phase shift (¢) through the relation
0" = o’tan ¢, an increase in ¢” can arise solely from an increase in solute conductivity—even if ¢ remains unchanged. In
such cases, it is not possible to distinguish changes due to microbial activity from those caused by abiotic processes. Therefore,
without a corresponding analysis of the phase shift, interpretations based solely on ¢”” may be misleading.

Third, the underlying physics of SIP/IP signals associated with microbial activity remain an area of active investigation.

While some theoretical models propose mechanisms such as electrical double layer polarization’?, experimental validation
under controlled conditions is still limited. A contributing factor is that many laboratory studies are conducted in complex
porous or geological media, where interactions between microbes and mineral surfaces —as well as potential pore clogging
due to biofilm formation— introduce additional variables that complicate both measurement and interpretation. To date,
experiments performed in bulk solutions**33 —where such complexities are reduced— have not clearly demonstrated SIP
responses directly attributable to microbial presence. This issue is revisited in detail in the Results and Discussion section.
Finally, we note a likely publication bias: studies reporting the absence of SIP/IP response are rarely published, which may
skew the current understanding toward overestimating the detectability of microbial processes by SIP/IP.
In light of these limitations, this study aims to disentangle the fundamental sources of SIP responses associated with microbial
activity. We conduct controlled experiments in a simplified setup to determine the conditions under which microbial activity
produces a detectable SIP response and, just as importantly, when it does not. Our interpretations are further supported by
numerical simulations designed to clarify the mechanisms involved.

1 Methods

1.1 Design of the chip

To measure microbial activity in a simplified configuration —free from geological materials such as sand and rocks, but
optionally including metal inclusions within the channel— we developed a compact device referred to as a millifluidic chip.
This chip is designed for easy assembly using standard laboratory equipment. The chip consists of three transparent polymethyl
methacrylate (PMMA) plates: a top plate, a middle plate, and a bottom plate (Fig.1a). The bottom plate is a flat solid sheet. The
middle plate is patterned with a cutout that serves as the fluid channel. The top plate contains several features: electrode ports
and two fluid inlet/outlet holes for tubing connections. Electrodes are secured onto the top plate using epoxy resin. To minimize
measurement interference, the potential electrodes are retracted from the main flow path using a perpendicular borehole (2 mm
in diameter, 4 mm in length), following the design criteria of Zimmermann et al. (2008)3°. To assemble the chip, we used
parafilm as a thermally activated adhesive. Strips of parafilm were placed between the top/middle and middle/bottom plates.
The entire structure was then clamped and heated at 60°C for approximately 30 minutes, during which the parafilm softened
and adhered the layers together. For disassembly, the chip was gently reheated to make the parafilm sticky and allow the layers
to separate.

1.2 Reporter strain

The bacterial strain used in this study is a derivative of Pseudomonas putida KT2440 cured of the TOL plasmid (kindly provided
by the de Lorenzo laboratory, Spain). To facilitate cell detection, the strain was transformed with a constitutively expressed
fluorescent reporter. The reporter gene (Yellow Fluorescent Protein - YFP) was carried on the replicative plasmid pSEVA227Y
(KmR; RK2 origin of replication; pBG17-YFP) and introduced into the cells by electroporation®’. Working seed stocks were
prepared by storing the strain in 25% (v/v) glycerol at -80 °C in 2 mL cryovials. Prior to experiments, a single colony was
used to inoculate 10 mL of lysogeny broth (LB) medium (10 g /L NaCl, 5 g/L yeast extract, and 12 g/L tryptone). The growth
conditions for each experiment are described in the corresponding subsections below.

1.3 Measurement of Microbes in Suspension

To investigate whether suspended bacteria (P. putida KT2440) alone can generate a measurable SIP response, we injected
bacterial suspensions into the millifluidic chip. P. putida KT2440 with yellow fluorescent protein (YFP) was cultured in three
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Figure 1. Design of the millifluidic chip. (a.1) Top view of the chip layout. Electrodes are shown in yellow. Dotted blue lines
indicate the locations of cross-sections displayed in (a.2), (a.3), and (a.4). (a.2) Cross-section along the vertical dotted line in
(a.1). (a.3) Cross-section along the horizontal dotted line at the center of the fluid channel in (a.1). (a.4) Cross-section along the
horizontal dotted line at the bottom of the fluid channel in (a.1). (b.1) Top view of the experimental setup for bacterial
attachment. The dotted blue line indicates the cross-section shown in (b.2). (b.2) Cross-section along the vertical dotted line in
(b.1). (c.1) Top view of the experimental setup for oxygen consumption measurements. The dotted blue line indicates the
cross-section shown in (c.2). (c.2) Cross-section along the vertical dotted line in (c.1).
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separate flasks at 30 °C for 7 hours on a shaker (150 rpm). The optical densities (OD) at 600 nm, measured after 10-fold
dilution, were 0.338, 0.335, and 0.273. Each of the original suspensions was injected into the chip, and the SIP response was
measured individually for each sample.

1.4 Attachment of Microbes on Metal Surfaces

To assess how microbial attachment to metal surfaces affects the SIP response, we conducted a controlled experiment using
metal solder wires (Sn60/Pb40). LB agar was prepared in six wells. P. putida KT2440 with YFP (OD = 1.314 after 3 hours of
incubation) was inoculated onto the surface of three wells, while the remaining three were left uninoculated as controls. A
piece of solder wire (diameter: 0.71 mm; length: 19 mm), pre-sterilized, was placed in each well. All wells were incubated at
30 °C for 23 hours to allow microbial growth and attachment. After incubation, each solder sample was transferred into the
chip filled with LB medium. SIP measurements were conducted for all six wires—three with expected bacterial attachment
and three without. Microscopic imaging was used to confirm bacterial attachment. To assess the SIP signal in the absence of
surface-attached microbes, the same wires were then immersed in boiling water for 1 minute and 30 seconds to remove the
bacteria. Microscopic inspection confirmed the absence of remaining cells on the surface, after which SIP measurements were
repeated on the cleaned solder samples. To accommodate rapid SIP measurements during this experiment, we used a modified
version of the millifluidic chip designed for easier assembly (Fig.1b). In this version, an additional PMMA plate with a small
rectangular slot for holding the solder was inserted between the middle and bottom plates. Instead of parafilm, silicone grease
was applied along the interfaces to prevent leakage, and the chip was clamped securely.

1.5 Oxygen Consumption and Indirect SIP Response from Microbial Activity

We evaluated whether microbial activity can indirectly influence SIP signals via redox processes. In the primary experiment
(Iron—Bacteria), a soft black iron wire was placed in a millifluidic chip filled with LB medium inoculated with P. putida KT2440
with YFP (Fig.1c). Prior to loading into the chip, bacterial cultures were grown in LB medium for 4-8 h at 30 °C under shaking
conditions (150 rpm), then diluted with LB medium to an optical density at 600 nm of approximately 0.25 (ODgoo = 0.279,
0.265, and 0.236 for triplicate experiments). The wire was fixed to the bottom PMMA plate using heated parafilm. Oxygen
concentration was monitored using an optical oxygen sensor (Oxygen Sensor Spots PSt3/PSt6, Fig.1c.1), and SIP measurements
were performed every 15 minutes for 200 minutes. Microbial respiration was expected to deplete oxygen, thereby suppressing
iron oxidation and influencing the SIP response. To isolate the role of oxygen and microbial activity, we performed comparative
measurements under the following conditions: (1) Iron - O;: Iron in sterile LB medium without bacteria (no microbial oxygen
consumption). (2) Iron - No O, (LB): Iron in LB medium chemically deoxygenated using sodium sulfite (0.0008 g/mL) and
cobalt sulfate (0.0003 g/mL). (3) Iron - No O, (NaCl): Iron in chemically deoxygenated NaCl solution (8.33 mg/mL), adjusted
to match the electrical conductivity of LB medium. (4) Iron - No O, (Epoxy): Same as (2), but with the freshly cut ends of
the iron wire sealed using epoxy to prevent edge oxidation. (5) Solder - O;: Solder wire in sterile LB medium (used as a less
reactive control metal). As a reference for background oxygen dynamics unrelated to microbial or electrochemical activity, we
also monitored oxygen levels in sterile LB medium without metal or bacteria.

1.6 Simulation

Recent theoretical and experimental studies have investigated the polarization behavior of metal grains, providing a robust
theoretical foundation supported by experimental evidence®®. Building upon this framework, Izumoto (2023)*° developed a
numerical modeling approach, which was further extended in Izumoto and Nguyen (2025)*° for plant root systems. We adopt
and extend them by incorporating redox reactions at the metal-fluid interface. We begin by briefly reviewing the theoretical
basis. Outside the metal grain, the electric current in the bulk fluid is governed by Ohm’s law:

j=-0V (1

where j (A m~2) is the current density vector, oy (S m~ ) is the bulk electrical conductivity, and ¢ (V) is the electric potential.
The conservation of charge (i.e., zero divergence of current) leads to:

V.- (6oV$) =0 2)
On the surface of the metal grain, charge accumulation is described by:

dp _

dt =Jn )

417



where p (Cm~2) is the excess surface charge density, and n is the outward unit normal vector. This relation reflects the
conservation principle that current flowing perpendicular to the surface modifies the local charge density. The surface charge is
related to the potential via the surface capacitance:

p=Co(¢—9) “

where Cy (Fm™2) is the surface capacitance, and ¢ is the average potential over the grain surface. In our experimental
configuration, where the metal grain is centered in the channel, we assume ¢ = 0, simplifying Eq.4 to a direct proportionality
between local potential and surface charge. This relation is consistent with basic principles of electrostatics and charge storage.
Combining Egs. 1, 3, and 4, we arrive at the governing equation for potential evolution at the metal surface:

99 39
COW =005 5)

where d/dr denotes the spatial derivative normal to the surface. The model features a single fitting parameter, Cy, representing
the surface’s charge storage capacity. Izumoto (2023)*° extended this framework to include redox reactions at the grain—fluid
interface. Redox processes enable electron exchange between the metal and surrounding fluid, introducing an additional current
contribution. Incorporating this effect into Eq.5, we obtain:

d¢ _J¢ 9¢
Co=— —0y—=— =—0p—=— 6
9 ~%ar T %, ©
where oy (Sm™!) quantifies the contribution of redox-driven current. Comparing Eq.5 and Eq.6, we see that redox reactions
effectively reduce the surface polarization by replacing oy with 6y — o;. This change results in a shift in the frequency of

maximum polarization response>’:

Op — O
00

fpr = fp (7)

where f,, (s~ 1) is the peak frequency with redox coupling, and fp 1s the peak frequency without it. This decrease in peak
frequency under redox conditions has been observed experimentally with minimal change in polarization magnitude*!. That
study involved Fe?*/Fe3* redox chemistry, where the redox current was well-approximated by the potential gradient near
the surface, implying negligible activation energy. In contrast, our experiments involve iron immersed in LB medium, where
oxygen is the primary oxidant. In this case, the redox reaction is likely activation-limited, and the driving force is better
approximated by the local surface potential itself, rather than its gradient. Accordingly, we modify the governing equation to:

) )
Coaf(f:*a(P*Goaf(f ®)

where o (Sm~2) represents an electron transfer on the surface due to redox reaction, acting as a sink term that diminishes
surface charge accumulation. We assume a sinusoidal applied potential and derive equations for frequency domain. In the bulk

fluid, Eq.2 separates into:

V- (0Ve') =0 ©9)

V. (0yVe") =0 (10)

where ¢’ and ¢” denote the real and imaginary parts of the potential, respectively. From Eq.8, on the metal surface, the
corresponding boundary conditions are:

r_ 00 a(])” a oy

¢ T 2mfCy ( or _0'0¢ ) (i
n_ O (98" a

¢ _27rfC0<ar co‘l’) (12)
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Figure 2. Schematics of the simulation setup. (a) Three-dimensional view of the simulation domain, showing the iron
inclusion centered within the fluid channel. (b) Cross-section in the x—y plane, with the iron region indicated in white. (c)
Cross-section in the x—z plane, illustrating the vertical placement of the iron inclusion. (d) Cross-section in the y—z plane,
showing the channel height and iron geometry.

To solve these equations numerically, we updated the surface potential iteratively. At iteration step n + 1, the surface potentials
were updated as:

I : A 00 %_g "
¢n+1_¢n+81 <¢n ( ZﬂfC() ( or 00 n>>> (13)

"o an (4n 00 a_¢,§_1 /
¢n+1 — ¥n +8!( n 27.ch0 < or 60¢n>) (14)

Here, §; is a relaxation parameter chosen empirically to ensure numerical stability, typically between 10~* and 10~ depending
on frequency. The model was implemented in OpenFOAM (https://openfoam.org/).

The simulation domain replicates the experimental geometry, consisting of a cylindrical metal object (0.5 mm diameter, 19
mm length) placed centrally in a fluid channel (Fig.2, 720 mm x 120 mm X 2 mm in X, y, and z directions, respectively).
Boundary conditions were as follows: ¢’ = 1 on the current injection faces, zero-gradient for ¢’ on all other boundaries except
the metal surface, and zero-gradient for ¢” everywhere except the metal surface. The principal advantage of this modeling
approach®*0 is its simplicity. By representing the metal—fluid interface as a surface capacitance, the model avoids resolving
ion distributions within the electrical double layer (typically on the nanometer scale), as required in more complex models
based on the Poisson—Nernst-Planck (PNP) framework*>*3. As such, this method is well-suited for cases where macroscopic
geometry plays an essential role. For studies focused on nanoscale electrochemical phenomena, however, PNP modeling would
be necessary.

6/17



2 Results and discussion

2.1 Analysis of microbial cells in suspension in the liquid phase

The phase shifts observed in the three measurements of P. putida suspensions in LB medium overlap with those of the
background (LB medium without bacteria), indicating that the presence of bacterial cells—even at high density—does not
induce a measurable SIP response (Fig.3a). A modest increase of approximately 10% in the absolute conductivity was noted
(Fig.3b), which can be attributed to changes in the bulk fluid properties due to bacterial growth, rather than to polarization
phenomena.

Previous studies examining SIP responses of bacterial suspensions in the relevant frequency range remain limited. Although
many investigations have explored the effects of microbial activity on SIP signals, their results are often influenced by
surrounding complex media, such as geological materials, making it difficult to isolate the microbial contribution. For this
reason, we restrict our discussion to studies conducted in the absence of porous or mineral matrices to focus on the intrinsic
origins of the SIP response.

Additionally, many studies in colloid and microbiology have employed two-electrode configurations, which are prone to
electrode polarization effects—especially at frequencies below tens of kilohertz. We therefore exclude such studies from this
discussion. Among the limited relevant literature, one thesis study> reported the absence of SIP peaks in bacterial suspensions,
which is consistent with our findings (Fig.4). In contrast, Zhang et al. (2014)** reported the presence of a SIP response in
bacterial suspensions at much lower cell concentrations than those used in our experiments, based on the imaginary part of
conductivity. In the following discussion, we argue that the phase shift is a more reliable indicator of polarization and examine
this apparent discrepancy by focusing on phase shift rather than on the imaginary component of conductivity.

In their interpretation, Zhang et al. (2014)3* based the identification of microbial SIP signals on changes in the imaginary
part of the complex conductivity (¢”'). However, since their experiments also showed changes in the real component (¢”), the
interpretation of ¢’ alone is insufficient. This is because 6"/ may increase as a result of increased ¢’ even when the phase
angle ¢ remains unchanged according to the relation 6” = ¢’ tan ¢. Given that ¢ is rarely exactly zero in practice—due to
instrumentation limits or minor background polarization—any increase in ¢’ (e.g., due to fluid conductivity changes) can lead
to an increase in ¢” without invoking additional polarization mechanisms.

Moreover, measurement uncertainty in SIP experiments is conventionally defined in terms of the phase angle ¢, which directly
reflects the time delay (or advance) of the sinusoidal voltage response. Therefore, ¢ should be the central parameter for
interpreting SIP measurements. To re-evaluate the conclusions of Zhang et al. (2014)**, we re-analyzed their published data to
extract ¢ directly from their reported complex conductivity values.

The re-analysis revealed that ¢ values for the bacterial suspensions were within a few milliradians (Fig.5)—close to the
detection limit of modern SIP systems under ideal conditions®°. Furthermore, the phase values for the bacterial suspensions
fell between those of two background measurements that did not contain any polarizing material. Notably, ¢ showed minimal
dependence on bacterial concentration and even slightly increased (i.e., less polarization) as the concentration increases at
frequencies above 1 Hz. Below 1 Hz, the trend was unclear. These findings suggest that the SIP signal observed by Zhang et al.
(2014)** does not originate from the bacterial cells and is consistent with our conclusion that bacterial suspensions alone do not
produce a significant SIP response.

Although not directly comparable to our setup, we also examined the data from Zhang et al. (2014)°" involving bacteria in
sand (Fig.5). In our view, the reported phase peaks are rather broad plateaus and fell within a few milliradians—again, close to
the measurement resolution. Furthermore, the phase increased (i.e., less polarization) with increasing bacterial concentration
above 1 Hz, and the trend at lower frequencies was ambiguous. Across five orders of magnitude in frequency, the phase
never approached zero, which raises the possibility of a non-negligible background signal affecting the measurement. These
observations further support our interpretation that the bacterial cells themselves do not induce a discernible SIP response.

It is also important to emphasize the susceptibility of SIP measurements to experimental artifacts. Poorly controlled experimental
setups—such as those with high electrode contact resistance—can introduce substantial noise and frequency-dependent
distortions, particularly in the imaginary component of the signal. However, such artifacts are more likely to produce spurious
SIP responses than to suppress real ones. Therefore, we argue that while claims of SIP presence must be interpreted with
caution, the absence of a phase shift (i.e., no difference from background) constitutes a more robust and reliable conclusion.

)34

2.2 Microbes Attached to Metal Surfaces

Microscopic imaging confirmed the presence of bacterial attachment to the metal surface prior to treatment (Fig.6a,c), and the
successful removal of bacteria following boiling (Fig.6b). Control experiments—conducted using solder samples that were not
exposed to bacteria—showed negligible changes in both phase shift and electrical conductance before and after boiling (Fig.7),
confirming that the boiling process itself does not alter the SIP response of the metal. In experiments where bacteria were
allowed to attach to the solder surface, the measured SIP response (in both phase shift and conductivity) was nearly identical to
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Figure 3. Experimental results of the SIP response in LB medium and LB medium containing suspended bacteria (P. putida
KT2440). (a) Phase shift (¢) as a function of frequency. (b) Absolute conductivity (|c|). In both panels, the shaded gray region
indicates one standard deviation around the mean of replicate measurements.
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Figure 4. Phase shift (¢) of bacterial suspension of different bacteria species, calculated from the experimental data reported
in Pilawski (2019). The values were derived from the original complex conductivity data to directly assess the presence or
absence of polarization response.
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Figure 5. Phase shift (¢) calculated from the experimental data of Zhang et al. (2014). The values were derived from the
reported complex conductivity measurements to evaluate the presence of a polarization response in bacterial suspensions and
bacterial-sand mixtures. OD represents optical density measured at 600 nm.

Figure 6. Microscopic images from the bacterial attachment experiment. (a) Bacteria attached to the surface of the solder
were detected based on the YFP fluorescent reporter (here visualized on the green channel). (b) The same solder sample after
boiling, showing the removal of surface-attached bacteria. (c) Close-up view of the solder surface in (a).

that of the control condition (Fig.7). This result indicates that bacterial attachment to the metal surface does not influence the
SIP response.

These results can be interpreted from a conceptual standpoint. If a conductive metal surface is coated with a resistive
material, the resulting SIP response would be expected to change. In our case, earlier experiments showed that bacteria in
suspension do not generate a measurable SIP signal (Fig.3), indicating that bacterial cells behave as non-polarizable, resistive
inclusions—consistent with the insulating nature of their lipid bilayers. Based on this, one might expect that the attachment of
bacteria to the metal surface would alter the SIP response. However, no such change was observed. This apparent discrepancy
can be explained by the shape and attachment mode of the bacteria: because bacterial cells are ellipsoidal, they likely adhere to
the surface at discrete points rather than forming a continuous insulating layer. As a result, much of the metal interface remains
exposed, allowing the original polarization behavior to persist.

These findings suggest that previously reported SIP signals associated with microbial activity are unlikely to originate from
physical interactions between bacterial cells and metallic surfaces. Instead, other mechanisms—such as microbially mediated
geochemical processes—are more plausible explanations.

2.3 Microbial Activity Coupled with Oxidation of Metal

We first measured the background oxygen concentration in sterile LB medium without iron (Background), which showed a
slight decrease over time—Ilikely due to minor consumption by the oxygen sensor itself (Fig.8a). When we introduce iron in the
chip (Iron - O; condition), oxygen concentration dropped rapidly at first and then decreased more slowly (Fig.8a), showing that
iron is oxidized over time.

During this period, the phase shift (¢) exhibited a clear peak in the 10-100 Hz range, and this response evolved over time
(example in Fig.9a). Specifically, the peak phase (¢,) and peak frequency (f,) decreased rapidly at first, then more gradually-
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Figure 7. SIP response of bacterial attachment on solder. (a) Phase shift (¢) and (b) absolute conductance measured before
and after bacterial attachment.

mirroring the temporal evolution of the oxygen concentration (Fig.8b,c,d,e). The absolute conductivity (|o|) remained close
to 1 S m™! at low frequencies (Fig.9b), consistent with the expected conductivity of LB medium. These trend of oxygen
concentration and SIP response suggests that iron oxidation is the dominant driver of the observed changes in SIP response.
In contrast, when bacterial suspension was introduced (Iron - Bacteria condition), the oxygen had already been consumed
within minutes prior to injection into the chip, resulting in near-zero oxygen concentration at the start of the measurement
(Fig.8a). As a result, iron oxidation was suppressed, and the SIP response changed less over time (Fig.8c,e), confirming that
the presence of oxygen and microbial activity is critical for SIP signal evolution. The smaller ¢, (i.e., stronger polarization)
observed in the Iron - Bacteria condition (Fig.8b) will be discussed in relation to the simulation results in a later section.

To further isolate the effect of microbial activity from oxygen concentration, we performed an additional experiment in which
oxygen was depleted using a chemical scavenger (Na;SO3 and CoSQ,) prior to injecting LB medium into a chip containing
an iron wire (Iron - No O, condition). Oxygen measurements confirmed near-zero concentrations from the start (Fig.8a).
Importantly, the only difference between the Iron + Bacteria condition and the Iron - No O, condition was the presence of
microbes. The ¢, f, and f,/ f, 0 were overlapping for these two conditions (Fig.8b,d,e). The difference in A¢ at the end of the
experiment between these two conditions was approximately 15 mrad on average—comparable to one standard deviation across
triplicates, and thus likely not statistically significant (Fig.8c). Thus, we did not see any significant difference solely due to the
presence of bacterial. However, both of these conditions differed significantly from Iron + O, condition (Fig.8b,c,d,e), in which
¢, was larger, f, was smaller, and A¢ changed more markedly. These results suggest that microbial activity influences the SIP
response, in the presence of metal, only indirectly—primarily through oxygen consumption that suppresses iron oxidation.
This conclusion is consistent with our earlier findings showing that bacteria in bulk suspension and on metal surfaces do not
themselves induce SIP responses.

Notably, even under oxygen-depleted conditions, the SIP response of iron still changed over time. This raises the question
of whether factors other than oxygen-driven iron oxidation could be responsible. We first hypothesized that some reaction at
the freshly cut ends of the iron wire might contribute significantly. To test this, we sealed both ends of the wire with epoxy
resin and repeated the measurement under oxygen-depleted LB medium conditions (Iron - No O, (Epoxy)). However, the SIP
response still showed significant decreases in A, and f,/fp0 (Fig.10), suggesting that there is a significant contribution other
than wire ends.

Next, we hypothesized that components of LB medium might act as alternative oxidants. To examine this, we repeated the
oxygen-depleted experiment using a NaCl solution with matched conductivity (Iron - No O, (NaCl)). The SIP response again
showed substantial changes in A¢, and f,,/ f,, o (Fig.10), indicating that constituents of LB medium were also not responsible
for the observed signal.

Based on these results, we argue that even trace amounts of oxygen are sufficient to induce surface oxidation of iron, resulting
in detectable changes in SIP response. Conceptually, this is reasonable: oxidation limited to the grain surface requires only
minimal oxygen, as bulk metal transformation is not necessary to alter interfacial polarization. This explanation is further
supported by our measurements on solder wire, which is significantly less susceptible to oxidation.

In the solder experiments, oxygen consumption was negligible and closely followed the background trend (Fig.8a). Correspond-
ingly, changes in maximum ¢, and £,/ f, o0 were much smaller than those observed in the iron cases (Fig.8b,c,d,e). Nevertheless,
slight changes were still detectable, likely due to limited surface oxidation—highlighting the sensitivity of SIP measurements to
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subtle surface alterations. These findings reinforce the hypothesis that even very low levels of residual oxygen can produce
measurable changes in SIP response through surface oxidation processes.

2.4 Simulation of SIP Response from Iron Oxidation

We simulated the SIP response associated with iron oxidation to match experimental results by adjusting two parameters: the
surface capacitance (Cp, in Fm~2) and the electron transfer on the surface due to redox reaction (¢, in Sm=2). Examples of
the simulated potential fields and electric current at the peak frequency are presented in Fig.11. The real part of the potential
exhibited extrema at the current injection and outlet boundaries (Fig.11a), while the imaginary part showed localized maxima
and minima near the edges of the iron inclusion (Fig.11b). These spatial patterns are consistent with prior modeling studies™ .
The real component of the electrical current density also indicated partial current penetration into the iron, with the highest
current density concentrated along the edges (Fig.11c¢).

To compare simulations with experimental data, we sampled the potential at the same electrode positions used in the measure-
ments. The simulation successfully reproduced both the peak phase shift and the peak frequency, although the spectral shape
was somewhat narrower than that observed experimentally (Fig.12a). The absolute conductivity (|c|) also followed trends
similar to those recorded in the experiments (Fig.12b).

The fitted values of Cy showed an increasing trend over time, consistent with the progressive alteration of surface properties
during the oxidation process (Fig.12). The redox-driven electron transfer, ¢, decreased from approximately 300 to 100 Sm™>
during the course of the experiment (Fig.12). This trend aligns with the expected physical mechanism: higher electron transfer
rates are anticipated at earlier stages of oxidation, when surface reactions are more intense.

To further quantify the temporal evolution of & based on experimental observations, we first ran simulations with fixed o
values of 50, 100, 150, 200, 250, and 300 Sm~2. Because simulating a full spectrum for each o is computationally expensive,
we fitted a quadratic curve around the spectral peak to interpolate the peak phase shift (¢,) from sparse frequency data. This
enabled us to construct a relationship between & and ¢, which we then used to estimate effective o values directly from
the experimental measurements (Fig.13a). Note that Cy only influences the frequency dependence of the response, while the
magnitude of ¢ depends on o (Eq.11,12). Therefore, & can be estimated from the observed ¢, without needing to account for
variations in Cp.

The estimated o values support our experimental interpretation. The oxidation rate (reflected by o) was consistently highest in
the Iron - O, condition, while it was significantly lower—but still measurable—in both the Iron - Bacteria condition and Iron -
No O; condition (Fig 13b). Over time, & decreased in all cases: for the Iron - O, condition, it declined to roughly one-third of
its initial value, while in the other two conditions it dropped to about half (Fig 13b). These results confirm that the presence of
oxygen accelerates oxidation, and that oxidation rates diminish as the experiment progresses.

Finally, it is noteworthy that a positive, nonzero o was still necessary to reproduce the experimental data at later times. This
supports the interpretation that even small residual amounts of oxygen can sustain a measurable degree of oxidation—and thus
a persistent SIP response—throughout the experimental period.

3 Conclusion

This study aimed to clarify the conditions under which microbial activity contributes to spectral induced polarization (SIP) sig-
nals by disentangling the roles of microbial presence, attachment, and activity from those of geochemical processes—specifically,
metal oxidation.

We first demonstrated that P. putida KT2440, whether suspended in bulk solution or attached to metal surfaces, does not generate
a measurable SIP response. These findings were supported by both our own experiments and a critical reanalysis of prior
studies. The observed lack of phase shift in these cases reinforces the interpretation that the microbial body itself—composed
largely of insulating lipid membranes—acts as a non-polarizable inclusion in the frequency range of SIP measurement.

In contrast, we observed strong and time-evolving SIP signals when iron was immersed in oxygenated LB medium. These
changes, including maximum phase shift and peak frequency, closely tracked the dynamics of oxygen consumption and are
attributed to interfacial polarization caused by iron surface oxidation. When oxygen was depleted, either through microbial
respiration or chemical scavenging, the change in SIP response was significantly reduced. This suggests that microbial activity
influences SIP response only indirectly—by modulating redox conditions through oxygen depletion.

Control experiments with solder and with epoxy-sealed iron further supported the hypothesis that trace levels of oxygen would
be sufficient to produce measurable SIP responses via surface oxidation, even in materials that are less reactive.

These experimental findings were supported by numerical simulations incorporating redox-modified boundary conditions on the
surface of metal. Our numerical simulations of SIP response due to iron oxidation successfully reproduced key experimental
trends, including the evolution of peak phase shift, peak frequency, and absolute conductivity. By fitting model parameters to the
experimental data, we found that surface capacitance (Cp) increased over time, consistent with progressive alteration of the iron
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Figure 8. Experimental results from the oxygen consumption experiments. Shaded areas represent one standard deviation
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Figure 13. (a) Simulated relationship between peak phase shift (¢,) and redox-driven electron transfer (o). (b) Estimated
values of o over time, obtained by fitting the experimental ¢, to the simulation results shown in (a).

surface. The electron transfer associated with redox reaction () decreased over time, reflecting declining oxidation rates. These
estimated o values also confirmed the relative impact of different experimental conditions: oxidation was most pronounced in
the presence of oxygen, while it was significantly lower-but still present-in both the iron-with-bacteria and iron-without-oxygen
conditions. Notably, even at later stages of the experiment, a nonzero ¢ was required to match observations, supporting the
conclusion that trace levels of oxygen are sufficient to sustain surface oxidation and drive measurable SIP responses.

Taken together, our results suggest that microbial activity can influence SIP signals, but only through indirect geochemical
effects—most notably, by affecting the redox environment. This distinction is critical for interpreting SIP measurements in
environmental and subsurface studies. Apparent correlations between SIP anomalies and microbial activity may not reflect
direct microbial polarization, but instead result from microbially driven changes in geochemistry in the presence of other
sources of SIP response.

Future work should explore more complex biological processes and mineral interactions under controlled redox gradients to
further refine the interpretability of SIP measurements in natural settings.

4 Data Availability

The datasets generated during and/or analysed during the current study are available from the corresponding author on
reasonable request.
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