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Abstract

The objective of this study is to establish a real-time bio electrochemical assessment of microbial soil health through
EAB formation, due to the flaws of conventional soil health evaluation methods in the status quo. This study employs
a three-electrode system to run CA and CV trials in the soil environment in healthy and unhealthy soil categories.
In the healthy soil category, the trials have effectively validated that the CA and CV trials were able to effectively
represent the soil s health in real-time, while EAB formation and maturation synergistically enhanced soil health
microbiologically through confirmation from CA and CV trials. In contrast, the unhealthy soil category which was
simulated by killing the microorganisms through applying extreme heat via vertical pressure steam sterilizer, has dis-
played a weak EAB formation as well as real-time soil health, which was also confirmed through CA and CV trials.
However, EAB was not utilized effectively as the soil barely had any microorganisms available to form communities
which could lead to EAB formation. As a result, this research proposes an engineering extension to leverage the
findings and add supplemental technologies in pursuit of not only assessing microbial soil health real time but also
actively remediating soil. To achieve such agenda, the engineering extension involved developing an inoculation sys-
tem involving electrothermal wax cartridge and alginate beads enclosed with biodegradable outer mesh, to release
micronutrients and microbial consortia based on decisions from Al trained using the CA and CV trials of this study.
Furthermore, a sample website was built to run sample CA and CV trials, where users could upload their own CA
or CV trials to receive analysis/recommendation from the trained Al model, and receive recommendations on further
actions on the CA and CV trial simulation from the trained AI model. Overall, this study brings value to the realms
of this research as it enables in-situ, non-destructive methods of soil biosensing as well as soil remediation, without
affecting soil acidification issues, but enhancing carbon sequestration capacities of the soil. Therefore, when plants
are planted in healthy soil, the aforementioned factors will indirectly enable the optimal efficiency in photosynthesis,
contributing to climate change mitigation. A potential limitation to tackle is implementing the unpredictable nature
of soil into this bio electrochemical approach, in order to optimize it for a more effective real-world application.
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Introduction

Having double the atmosphere carbon storage capacity (~750 Pg
C) and triple the biosphere carbon carbon storage capacity (~560
Pg C), soils possess a carbon storage capacity of 1500 Pg of soil
organic carbon in 1m depth alone; furthermore, soil is globally
the second largest carbon sink, after oceans (~38,000 Pg C) [1,
2]. It is important to note that land degradation - driven from
deforestation, wildfire, drought, and post mining areas - gave
rise to problems including microbial extinction, soil structure
collapse, and loss of carbon sequestration capacity in soil; espe-
cially, 133 billion tonnes of carbon has been released from soil
since humanity began agriculture, while one third of it could
have been deposited back into soil if critical land degradation
caused by human actions and industrialization didn’t take place
[3-6]. Still, agricultural expansion drives nearly 90% of global
deforestation, but soil quality deteriorates in deforestated ar-
eas, ironically reducing both yields (~30%) and rainfall [7, 8].
These statistics directly manifest the significant problems land
degradation poses towards the environment and the society. Yet,
conventional soil health evaluation depends heavily on physico-
chemical indicators including pH, organic matter content, and
texture. Firstly, these methods are often labor-intensive, destruc-
tive, non-real-time, and spatially sparse. Moreover, while these
parameters provide useful superficial data, they fail to capture
the dynamic, functional, and real-time aspects of soil biogeo-
chemistry; they especially fail to capture the state of the micro-
bial system, which is crucial in soil’s nutrient cycling, carbon
sequestration, and structural stability.

Critically, microbial vitality and redox balance - the important
engines of soil functionality - are inexplicable in aforemen-
tioned conventional soil health assessment methods. There are
no standardized methods of evaluating activity of electroactive
microbes, EET capacity, or redox-mediated feedback loops that
supervise soil’s biological self-repair mechanisms. Thus, during
early phases of soil degradation, when intervention is still viable,
it is extremely difficult to act to intervene. When physical symp-
toms such as aridness and erosion is displayed, the microbial
infrastructure is often already collapsed, as well as the difficulty
level of soil recovery gets exponentially harder and expensive.

Biofilm is a community of microorganisms that adheres to inert
or living surface by a self-produced polymeric matrix; they are
ubiquitous in natural ecosystems, and they significantly boost
the survival of its incorporated microorganisms by rendering
them 1000 times more resistant to diverse types of pressure [9,
10]. In other words, biofilms are specifically created to protect
bacterias collectively from the external environment, exploiting
its persistence and functionality for survival [11, 12]. Biofilms
are capable of promoting soil nutrient cycling, thus increasing
soil fertility and preventing soil degradation [13]. EAB, a type
of biofilm which this research primarily focuses on, is formed on
electrodes of MFCs when electroactive microorganisms transfer
electrons with it [14]. Through CA, literature like has confirmed
that its currents could be employed to understand the trends of
biofilm health, EPS maturation, and EET enhancement. Overall,
EAB has various merits of solving the critical soil degradation
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problem and soil health evaluation [15].

In addition to EAB formation, this study employs EET driven
redox reactions Redox reactions are referred to as oxidation-re-
duction reactions, where oxidation is carbon in organic mole-
cules which lose electrons, while reduction is molecular oxygen
which gain electrons. Despite the significance of redox reactions
where it influences nutrient uptake and mobility, plant growth,
microbial community, and soil structure, this reaction is consid-
erably low and is inefficient on soil health in the natural state
[16]. Through inserting a working electrode to artificially en-
hance electron transfers involved in redox reactions, promoting
EAB formation, applying controlled potentials to stimulate re-
dox reactions using CV and CA, and measuring such electro-
chemical treatment, this study aims to take advantage of redox
reaction for soil health and recovery to amplify, control, and
quantify redox reactions.

This study approaches direct, real-time, continuous, non-inva-
sive soil health assessment through the means of electrochem-
ical techniques; additionallythis study extends the line of other
papers - which suggests that it indicates soil health via bio elec-
trochemical signals like CV and CA [17]. This system will add
on activating a BES to mobilize dormant nutrients, monitoring
redox ability and biofilm function, and establishing a closed loop
that involves electrochemical signals triggering simulation pro-
tocols.

This study hypothesizes the following: introducing a one-time
glucose input and rendering three electrode systems imple-
mented on soil samples (healthy and unhealthy soil category)
will stimulate the formation of EABs on a carbon felt working
electrode, outputting an effective representation of soil health.
This microbial activity will be reflected in increased CA current
and sharper redox peaks with reduced AE in CV. These electro-
chemical responses will serve as real-time, label-free indicators
of microbial recovery and soil biotic regeneration, demonstrat-
ing EAB-based sensing as a novel approach for monitoring soil
health. Through the findings of the research, the potential of
this study could extend towards active soil remediation and car-
bon sequestration, meaningfully contributing towards climate
change mitigation.

Materials and Methods

There are two categories of soil incorporated in this research:
healthy and unhealthy soil category. The soil samples were col-
lected from Jilin University Campus Garden. The collected soil
was employed for the healthy soil category of this research, and
30mL of 0.5M glucose was added once to both categories to
fuel microbial growth, metabolism, and soil respiration [18, 19].
It was added only once as adding more would provoke over-
growth, thus it would not align with realistic settings of nutrient
pulse that soil typically experiences in the natural ecosystem.
The unhealthy soil category of this experiment was simulated
by putting the collected healthy soil into the Vertical Pressure
Steam Sterilizer at 121°C for 1 hour to thermally kill microor-
ganisms and minerals that the soil contained.
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Figure 1: Healthy Soil Placed in Vertical Steam Pressure Sterilizer to kill Microbial Communities

In this research, a three-electrode system was employed, and
all electrochemical trials including CV and CA were performed
on a Chenhua CHI660E electrochemical workstation. For the
working electrodes, a 16cm”2 (4X4) square electrode was de-
signed using carbon felt; for a counter electrode, platinum wire
electrode was used; and for the reference electrode, a saturated

calomel electrode was used. Carbon felt was used as a working
electrode because they are traditionally used in MFC practical
applications [20]. The working electrode was placed 2cm below
the surface level of the soil for both healthy and unhealthy soil
categories.

Figure 3: Bird’s eye view of three Electrode System (Working, Reference, counter Electrode set up)
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The following is the parameters of every CA trials, for both
healthy and unhealthy soils:

Initial Voltage (V): 0.2

Sample Interval (sec): 0.1

Quiet Time (sec): 0

Sensitivity (A/V): 1.e-003

The fixed initial voltage of 0.2V with a 0.1 second of time inter-
val ensured moderate promotion of electron transfer to be cap-
tured by real-time current response behavior. The sensitivity of
1.e-003 is the standard for MFC applications, where noise sup-
pression and current change detection is mostly balanced.

The following is the parameters of every CV trials, for both
healthy and unhealthy soils:

Initial Voltage (V): -0.8

Maximum Voltage (V): 0.8

Minimum Voltage (V): -0.8
Final Voltage (V): -0.8
Initial Scan Polarity: Positive
Scan Rate (V/s): 0.1

Sweep Segments: 6

Sample Interval (V): 0.001
Quite Time (sec): 2
Sensitivity (A/V): 1.e-003

A potential sweep of [-0.8, 0.8] is commonly used in studies in
the topic of redox-active soil constituents shown by the work
of Li et al. and Rimboud et al. Multiple sweep segments of six
cycles are commonly employed in evaluation of biofilm electro-
chemical stability or hysteresis [21, 22]. The quiet time of 2 sec-
onds is recommended in CV protocols, which facilitates noise
prevention from porous electrodes or soil matrix [23].

Bemis Parafilm M was applied on top of the structure to reduce
evaporation of water for both healthy and unhealthy categories,
thus preventing water/moist loss of the soil (noting that the para-
film was partially not applied for areas around the three elec-
trodes for their connection). Following the findings of this study,
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soil samples were collected within the depth range of 0cm~16cm
- where the relationship between the actual soil condition and
relevant measurements (including pH) has the highest accuracy
of properly representing soil conditions [24]. The pH of soil and
distilled water mixture - where distilled water does not influ-
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ence the pH of the soil samples - was measured using a manual
LY101 soil pH meter. Thus, a parallax error of £0.1 pH could be
assumed for the measured values in this study.

Results

Multiple CA and CV trials were executed for both healthy and
unhealthy soil categories. Approximately 7 days were spent on
both CA and CV trials for the healthy soil category, while about
6 days were spent for the unhealthy soil category. For certain CA
trials that were held on relatively small amounts of time (below
5000 seconds) were considered insignificant to include in the tri-
als since they would not be able to fully capture the relationship
between the current and time elapsed on the soil.

CA Trials

Chronoamperometry (CA) is an electrochemical analytical
technique that measures electric current over time when a fixed
voltage is applied to a system The general purpose of running
CA trials is to study the kinetics of chemical reactions, diffusion
processes, and absorption. In this particular experiment, CA tri-
als are utilized to not only monitor the health of the soil in real
time in a quantitative manner but also to actively stimulate bio-
film formation - specifically, electrochemically active biofilms
(EAB).

Healthy Soil Category
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Figure 6: Trial 1

Since distilled water was added at the start of this research to en-
sure conductivity, there is an extreme boost of the current at the
start of this CA trial. An exponential decay pattern was observed

in this trial, and the current initially stabilizes around 4E-06A
then decreases to stabilize around 2E-06A.
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Figure 7: Trial 2

The exceedingly thick line shown in this trial is attributed to
high-frequency electrochemical fluctuations; the primary reason
for the dynamic biofilm restructuring and heterogeneous redox
conditions within the soil matrix. Considering that this trial was
run approximately 20 hours after the previous trial, where wa-
ter and glucose input occurred, such fluctuations are likely due
to the increased redox reactions as carbon in glucose gets ox-
idized (loses electron) and oxygen molecule is reduced (gains
electron). While it is also possible to interpret that such thick
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lines are attributed to a sudden substrate uptake after maturation
of EAB, thus causing a burst of electron release, it is impracti-
cal to interpret in such way as this trial was run approximately
around the 48-hour timeframe since the experiment has started,
thus the chance of biofilm formation is not realistic. In fact, in
the CA trials of this soil category, there are other trials (trial 4
and 5) which strikingly display where EAB is formed. Thus, it
is rather realistic to interpret this thick line as a fluctuation from
redox reactions.

Wor Jour of Sens Net Res 2025



Ceme viuree —= 1o CoaaSEm = v W
D LR
12 , : 3 ; ; : June 18, 2025 165857
09 Teeh' i1
File: it-4 bin
06 4 F mEM=03
034 | " F Smpd It (s) = 0.2
/1 I Reun Times () = de w6
- 04 1 I F Quiet Time {s) = 0
¥ 03 Sensitivity (AV) = 0.001
1 | B
& 1= 94 405
— 06 Hpw = 2 4008
— 08 ip = 5324084
< 3 F Ap=13Sie7c
) -1.24 F 1p= 126208
: 153 F Hpw = 08005
= k ip=1.4630-8A
O 181 E Ap = 1.100e-8C
21 : . tp=18360s
= Hpw = 102002
24 E ip=8.00de8A
Ap = 0032670
274 &
1p = 200,005
-30 T T T T T T T Hw; 7564‘100;&
ip = 3.764e-
0 0.3 0.6 09 12 15 18 21 24 27 Ao - 16400-7C
Time / 1etdsec

Figure 8: Trial 3

Trial 3 does not indicate striking changes in the current. It re- 3 shows that the soil environment has adapted to the chemical
mains stable while there are slight vertical shifts which are additions, which is glucose and water, and entered a phase of
predicted to be caused by external factors such as noise. Trial stabilized current.
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Figure 9: Trial 4

A peculiar element shown in trial 4 is that there is a secondary  This aligns with the discovery among previous research, where
rise of current, which differs from prior CA trials that were often  a secondary current rise is an indication of biofilm formation on
stabilized at a certain point or remained uniform for the full trial.  electrode surface [25].
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Figure 10: Trial 5

Trial 5 also indicates a subtle secondary rise in its CA graph. As  more effectively, thus additionally suggesting improved electron
mentioned on trial 4, trial 5 also indicates biofilm growth on the transfer efficiency as it is higher than the previous CA trial. As
electrode surface. A difference to note in trial 5 is that its current  a result, biofilms thicken as a populated community forms with
is approximately twice as high as trial 4, suggesting increased electroactive microorganisms, which also matures the biofilm.
metabolic activity, where the redox reactions are occurring
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Figure 11: Trial 6

Trial 6 displays a more stabilized graph compared to trial 4 and

5 where EAB was formed, but still involves minor fluctuation in

current. This suggests that the biofilm is becoming more consis-
tent, stabilized, and mature.

Ui ma o7 | L) P W& o= gy S e 2T D[y e
ne | L
45 ¥ June 22, 2025 153334
Teeh: i
401 F File: it-9 bin
It E (V) =0.2
354 E Smyl Intd () = 0.1
Run Time (5) = 4046
3 E Quiet Time (s) = 0
é 30 Sensilvty (AV) = 0001
d 25 1p= 45,905
— How = 0.5005
- 20 p = 6.0460-TA
E U | F Ap = 3193e-7C
e e
= - p = 84105
= 15 "“*'—H-—M—ML—\ F Hpw = 0.300s.
H i ip = 5 B320-TA
O 04 F Ap=26328-7C
tp = 616.10s
05 4 E Hpw = 0.5005:
ip = 6.9370-TA
0 Ap = 4 3086-7C
ip = 825.08s
035 T T T T T HW;;?;‘;O;&A
p=
0 03 06 09 12 15 18 21 24 e
Time / 1et+4sec
Figure 12: Trial 7

Trial 7 extends the prediction of biofilm maturation and optimi-
zation aforementioned in trial 6. Despite the initial fluctuation
from [0, 0.3E04) interval, which seems to be due to interference
or noise at the start of the experiment, the line overall is highly
stable with occasional slight peaks. As the graph became more
stabilized in this trial, this represents that the electron transfer
pathway of the biofilm has been fully established, enabling ef-
ficient electron transport. Furthermore, it is also possible to in-
fer that the microbial community structure in conjunction with
metabolic activity have become more consistent, overall demon-
strating biofilm maturation.

This stabilization occurs due to biofilm’s stabilization mecha-
nism: it initially forms a dense biofilm matrix where EPS and
conductive networks start to stabilize, and after a balance has
been reached as microbial competition subsides, it leads to a
stable population of electroactive microorganisms. Finally, the
thickness of the biofilm reaches its optimal level, balancing nu-
trient diffusion with electron transport efficiency. Trial 7 primar-
ily follows the idea of such a mechanism.

Overall, the CA trials of the healthy soil category displayed a
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steady increase in anodic current density, rising from an initial
baseline of approximately 0.125nA/cm?2 to a stabilized density
ataround 0.9375pA/cm?2 by the final trial, indicating progressive
EAB formation in conjunction with development on carbon felt
surfaces. Furthermore, it has displayed formation of EAB as well
as its process of stabilization and maturing, eventually reaching
the balance to gain the optimal version of EAB. This essentially
achieves two objectives of this study: to establish a reliable soil
health monitoring system, and remediate soil through formation
and maturation of EAB. The formation of biofilm demonstrates
the presence of microbes and its biological activation in the soil.
As biofilm stabilizes, it outputs a consistent current as shown as
trial 7. This correlates with microbial activity and soil electro-
chemical properties, serving as a biosensor to monitor soil health
real-time. Furthermore, as biofilm matures, it restores soil struc-
ture, biogeochemical cycles, and pollutant breakdown capabili-
ties. As a result, mature EABs become bio-stimulatory systems
to accelerate soil remediation by effectively activating beneficial
microbial functions.

Unhealthy Soil Category
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Figure 13: Trial 1

Despite that glucose and distilled water was added into the soil environment, trial 1 indicates no significant changes.
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Figure 14: Trial 2

There is a slight secondary rise of current in trial 2, between the  previous trial). Considering that, the secondary rise indicated in
interval of [0, SE03]. This time interval is approximately half of this trial is significant and can be attributed to the EAB forma-
the time spent running trial 1 (the overall time spent on this trial ~ tion on the electrode surface.

was 49269.8 seconds, while 13419.9 seconds were spent on the
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Figure 15: Trial 3

Trial 3 indicates stabilized current; one difference from trial 3  strongly suggests that EAB was formed on this and the subse-
and its previous one is that the initial current has dropped from quent trial.
about 1.5E-06A to about 3E-07A. In regards to the CV trials, it
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The line becomes thicker from this trial and maintains a similar
thickness for successive trials. This implies that the EAB was

formed around this trial (or possibly trial 3) then progressed with
its maturing process.
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Figure 17: Trial 5

There are no significant changes in trial 6 except the sudden drop of current around 4.4E04 seconds. The drop is due to external
noises, and can be considered insignificant for this research.
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Figure 18: Trial 6

There are no significant changes in this trial as well apart from
slight current drops, which can be attributed to external noises.

of being dispersed. Seeing as the final current for CA trial 1 and
2 was positive, this behaviour is likely due to initial lack of oxi-
dizable microbial species near the working electrode, while they

During the unhealthy soil category CA trials, starting from trial
3, the final current started to become negative - which means
that the electrons are flowing into the working electrode instead
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become scarce as the leftover species (including glucose) are
consumed, the oxidation reaction eventually slowed down or
stopped. Subsequently, a reduction reaction onset, which is why
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the final current is negative from the third CA trial.

Compared to the CA trials of the healthy soil category, the CA
trials of the unhealthy soil category do not display relatively
striking changes through the graphs. This ambivalently shows
the strengths and the flaws of this experiment. Due to the fact
that most of the microorganisms die from applying extremely
high temperature on the soil through vertical pressure steam
sterilizer, it leaves only a bare minimum of (or even none) mi-
crobial communities that can develop to form weak EAB. De-
spite that glucose and water was added, where it could provide
a limited amount of organic materials, its decomposition would
be considerably slow compared to the existing microorganisms
and its community in healthy soils. Even under ideal conditions,
where the EAB was formed, which was slightly implied through
the CA graphs, its maturing period is prolonged compared to
the maturing period displayed through the healthy soil category.
Overall, this ambivalently shows the strength of this CA trial di-
rectly detecting health of the soil real time, while the flaw that it
is limited to remediate the soil with electrochemical techniques
itself through the current techniques - it is necessary to add other
organic nutrients that does not take soil prolonged period of time
to decompose to acquire the type of microbial community avail-

ered for the future applications and directions of this research.

CV Trials

Cyclic voltammetry (CV) is a potentiodynamic electrochemical
technique widely used for studying electron transfer mecha-
nisms that occur inside EABs. CV is performed by cycling the
potential (in other words, linear sweep in both directions at the
same rate) of the working electrode between two selected values
measuring the resulting current. A unique advantage of CV com-
pared to other similar techniques is that it maintains the material
in its original form, which is beneficial for this research as the
working electrode surface uniformity is crucial for consistency
in EAB formation and fairness among healthy and unhealthy soil
categories. Furthermore, for real world application conditions, it
is beneficial as it could be easily employed without altering the
form of the initial soil conditions. In addition, as CV trials are
used extensively to understand redox behaviours, this aligns ad-
equately with this study (Cyclic Voltammetry - an Overview |
ScienceDirect Topics, n.d.). This section is more focused on the
individual CV trials rather than its comparison and development
along with its progression. The comparison will be focused on
the section of overlaying 2 consecutive CV graphs subsequently.

able in healthy soils. Both the strength and the flaw displayed Healthy Seil Category
through the CA trials of unhealthy soil category can be consid-
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A striking decrease in initial current from -1.1E-04 to -3.2E-04 A after glucose was added to the system, the chemical bonds of the
occurred after applying glucose to the system. This indicates re-  glucose have not been organically nor electrochemically decom-
dox silence or microbial activity. Since this trial was run directly — posed in this period. Thus, the initial current suddenly drops.
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Figure 21: Trial 2

The initial current from trial 1 is maintained in this trial.
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Figure 22: Trial 3

The initial current suddenly drops to -4.0E-04 from -3.2E-04 A the working electrode surface. This aligns with the results shown
once again in this trial. This indicates that the electrode surface from the similar timeframe of the CA trials (refer to CA trial 4,
is becoming passivated, as biofilm gets formed and attached to  healthy category).
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Figure 23: Trial 4

The initial current is maintained from trial 3. It is possible to an additional expected drop in initial current. This is because
infer that it is going through EAB maturation processes in con- those factors will make the working electrode be covered up
junction with system stabilization, and once the biofilm becomes  with biofilm, getting into the way of electron transfer between
mature and the system reaches for stabilization, there would be  the working electrode and the soil.
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Figure 24: Trial 5

The initial current drops to -5.0E-04 from -4.4E-04 A. This fur-  biofilm maturation and system stabilization.
ther demonstrates that the soil is continuously going through
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Figure 26: Trial 7
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Figure 28: Trial 1 (After adding 0.5M 30mL of Glucose)

The initial current drops significantly from -5.0E-05 to -3.7E-04
A after glucose is added to the system. Similar to the CV trials of

the healthy soil category, this indicates redox silence or microbi-
al activity as glucose is not fully decomposed yet.
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Figure 29: Trial 2

The initial current slightly increases. This indicates enhanced
electron transfer kinetics on the surface of the working elec-
trode. There are two potential reasons that can be attributed to
this interpretation: a stable formation of biofilm or better contact
between microbes and electrodes. Among these two, EAB for-
mation is a more feasible cause to attribute to as its CA trials

displays EAB formation around this time, while soil became
relatively dry as time progressed in the unhealthy soil catego-
ry, which renders the contact between microbes and electrodes
poorer (which it makes it unreasonable to confirm the reason
being better contact between microbes and electrodes).
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Figure 30: Trial 3

The Initial Current is Maintained. It can be Predicted that EAB is Undergoing Maturation.
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The Initial Current is once Again Slightly Increased.
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The Initial Current is Maintained.
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Figure 33: Trial 6

There is a Minor Increase in Initial Current.

CV Data Comparative Overlay

Data plots were overlaid for CV trials in order to visually com-
pare and represent the differences between each trial; these
differences will provide various information about soil health
and its progress in enhancement including electron transfer, re-

working electrode stability. Each data plot overlay was created
with two consecutive CV graphs - where the old CV trial was
overlaid on the one afterwards (the dimensions are based on the
more recent version of CV trial) - to analyze exact effects of
the BES and EAB formation among it - this facilitates direct
comparison and represents the differences in a clearer manner.

dox activity, biofilm maturation, side reactions, and carbon felt Healthy Soil Category
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Figure 34: Trial 0 overlaid on Trial 1

This overlay shows that the addition of glucose (both a carbon
source and electron donor) into the soil has significantly in-
creased the redox peaks of the graph as displayed in blue line
(trial 1). This is because as glucose oxidizes, it releases elec-
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trons, which gives rise to increase in current. As a result, this
leads to higher redox peak currents and steeper CV slopes. This
indicates that the reaction is occurring more rapidly and effec-
tively. The graph displays how addition of glucose itself enabled
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anet increase in electron transfer activities as shown from higher  cathodic and anodic current.
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Figure 35: Trial 1 Overlaid on Trial 2

The reason for their high similarity is because they were con- indicates a moderate redox rise - this suggests that the initial
ducted in a 2 hour time interval, where it is insignificant to ex- redox processes are forming. In addition, moderate current with
pect an occurrence of a considerable change. The graph shape rising peak separation indicates early-stage biofilm growth.
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Figure 36: Trial 2 Overlaid on Trial 3

The higher cathodic and anodic current values of trial 3 (blue graph changes into an increasingly pronounced redox profile - it
line) compared to trial 2 indicate a net increase in electron trans-  shows stronger currents and more defined peaks, indicating en-
fer activities compared to trial 2 (red line). The shape of the hanced microbial extracellular electron transfer.
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Figure 37: Trial 3 Overlaid on Trial 4

In this CV trial graph overlay, the shape changes in trial 4 to symmetry indicates healthy, electroactive biofilm. Thus, as EAB
gain distinct peaks and a symmetric loop; the peak clarity and is formed, electron transfer kinetics are rapid and controlled.
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The shape of the graph of trial 5 changes to indicate sharp peaks
and have strong responses. As the peak current increases signifi-

Figure 38: Trial 4 Overlaid on Trial 5

engenders effective EET.

cantly on trial 5 (red line), it boosts microbial activity and thus
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Figure 39: Trial 5 Overlaid on Trial 6

The graph shapes of trial 6 demonstrates the maximum redox
peak - showing peak performance of biofilm with efficient and

stable EET. Overall, the electrode-microbe interface is optimal,
and the system has acquired a mature and stable EAB layer.
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Figure 40: Trial 6 Overlaid on Trial 7

The shape has changed towards broadened strong peaks, and in-
dicates a general mature system. A long term maturity is reached,
while incorporating multiple microbial layers; this is because of
symmetric cathodic and anodic current peaks as well as minimal
variation between these two trials. As the multiple microbial lay-
ers are involved, they will allocate roles differently: for instance,
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the inner layer directly interfacing with the electrodes to ensure
uniform high electroactivity, while the outer layer contributes
in structural aspects of the biofilm, in conjunction with how it
interacts with nutrients and electrons from soil.

Anodic and cathodic current shift was observed in all of the CV
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trial overlays in the healthy soil category. The CV trial overlays
actively demonstrated how EAB was effectively formed, and
transitioned into long term maturation and stabilization periods;
this achieves the objective of this study to sense real-time soil
health and initiate EAB formation to remediate soil. This section
of CV comparative data overlay also demonstrates that the redox

reactions contributed significantly as it progressed with sharpen-
ing of peaks, strong responses, and eventually transitioning into
a mature system.

Unhealthy Soil Category
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Figure 41: Trial 0 Overlaid on Trial 1

This overlay shows that the addition of glucose (both a carbon
source and electron donor of the system) into the soil has sig-
nificantly increased the redox peaks of the graph as displayed in
red line (trial 1). This is because as glucose oxidizes, it releases
electrons, which results in an increase in current. As a result,
this leads to higher redox peak currents and steeper CV slopes.
This indicates that the reaction is occurring in a more rapid and

effective manner. Furthermore, the graph displays how addition
of glucose itself enabled a net increase in electron transfer activ-
ities in trial 1 as shown from higher cathodic and anodic current
values. A notable feature of this graph is that it has the highest
anodic and cathodic currents, also having distinct redox peaks
which indicate initial bioactivity.
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Figure 42: Trial 1 Overlaid on Trial 2

An anodic shift is observed in this graph, showing slight de-
crease in current from trial 2 to 1, but still indicates redox activ-

ity as the graph has a moderate redox curve.
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Figure 43: Trial 2 Overlaid on Trial 3
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A minimal anodic and cathodic shift is observed in this CV
graph overlay. The shape indicates a stable profile along with its

stable current. The slowed electron transfer suggests that EAB is
weakly formed and began to mature.
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Figure 44: Trial 3 Overlaid on Trial 4

The shape transitions into a capacitive trend from this trial; this
suggests that redox activity has faded and double-layer capaci-

tance dominates. Starting from this overlayal, there are no more
cathodic and anodic shifts observed.
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Figure 45: Trial 4 Overlaid on Trial 5

The shape of this graph overlay also shows capacitive trend,
persisting its trend from the previous data overlay. This graph
shows further weakening of current response as the current
range became lower. During the experiment, the texture of the

soil became extremely dry starting from this period. There were
no meaningful redox peaks shown from this overlay, which
demonstrates weak or inactive electrochemical activity.
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Figure 46: Trial 5 Overlaid on Trial 6

This data overlay has the flattest and weakest curve. Therefore,
this graph clearly represents severely unhealthy soil. As a result,
it can be implied that the biofilm is dead. This overlay demon-
strates a pure capacitive profile.
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The CV data comparative overlay was useful in actively com-
paring each consecutive CV trial on the same dimensions. This
enabled a profound level of understanding the results shown
through individual CV trials. In the unhealthy soil category, the
CV trial overlay actively demonstrates the health conditions of
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the soil where the EAB was weak or inactive, which was more
difficult to grasp through individual CV trials of the category.
Along with other results from this study, the results of the CV
overlays directs the future of this research to identify paths to
effectively remediate soil after detecting health conditions of it.
The future directions and other real-life applications/extensions
will be explored more in the discussion of this paper.

pH

BES and the closed loop of the study would impact the pH of
the soil. Soil pH is highly influential on soil health as it affects
nutrient cycling, fertility, microbial activity and function, and
organic matter decomposition [26]. The following data will pro-
vide a general overview of how this study of bio electrochemical
soil remediation will be feasible in employment in real world
applications, ensuring that it does not exacerbate nor provoke
soil acidification problems.

The pH data of both healthy and unhealthy soil was collected Healthy Soil Category
to directly demonstrate that none of the factors involved in this
Change of pH over Time
7.20
715
T 710
7.05
7.00
0 25 50 75 100 125
Time (Hour)

Figure 47: Change of pH over Time
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Figure 48: Change of ApH over Time:

Assuming that there is 0.1 pH parallax error from data inter-
pretation from soil pH meter, these two graphs demonstrate that
in the healthy soil category, which have undergone multiple CA
and CV trials, show that the pH is stable around pH 7.0 (only
fluctuated around +0.1 pH on a neutral pH state for approxi-
mately 140 hours). Considering that the US Department of Ag-
riculture National Resources Conservation Services specify an
optimal pH range for soil to be [6, 7.5], the pH levels indicated
from this category align within this range (USDA NRCS, 2022).
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In addition, such a minor fluctuation in soil pH further indicates
that the methods of this study can be applied in the real world,
without exacerbating the soil acidification issues, which brings
critical impact for plantation growth and agriculture. While there
was a slight decrease in soil pH (acidification), there were also
increases (alkalinization) in soil pH, implying a positive outlook
of future application of this study.

Unhealthy Soil Category
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Figure 49: Change of pH over Time:
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Figure 50: Change of ApH over Time

As shown from the ApH Vs. Time graph, this shows more fre-
quent fluctuations compared to the healthy soil category. While
there were two peaks in the identical graph of healthy soil cate-
gory, this graph includes 5 different peaks. This shows that the
pH variances of the unhealthy soil category were relatively un-
stable, pH increasing and decreasing quite frequently. The initial
soil pH was at 7.9, which is out of the aforementioned optimal
soil health range. This shows that unhealthy soil, where micro-
organisms were killed through vertical pressure steam sterilizer
in intense heat, becomes more alkaline. When pH of the soil was
tested after 3.6 hours since the initial measurement, it showed
7.3, and was mostly stabilized around 7.0. This implies that the
treatment implemented in this study effectively brought the pH
down to the optimal pH range, and enabled stabilization within
it. Thus, this further demonstrates how this study has the poten-
tial in real world applications as it solves the pH instability of
soil.

Redox Peaks, AE in CV Trials

In this particular research, below is the oxidation reaction which
takes place at the working electrode:

CsH1206 + 6H20 — 6CO: + 24H" + 24e-
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Below is the reduction reaction which takes place at the counter
electrode:

0:+4H" + 4¢ — 2H-0

Below is the overall redox coupling - displaying the comprehen-
sive redox reactions within the three-electrode system applied
onto the soil environment:

CsH1206 + 602 — 6CO2 +6H20

It is important to note that only a single working electrode was
employed in this experiment as the three-electrode system was
used, thus there are no physical anodes and cathodes involved
in this experiment. In the tables below, the anodic/cathodic peak
potential/current refers to the maximum and minimum peaks in
their respective positions as the redox reactions occurred in the
soil during its CV trials. In other words, these terms refer to the
redox processes, not the data from the electrodes themselves.
Additionally, AE refers to the gap between oxidation and reduc-
tion peaks. As AE increases, this indicates that such a gap wid-
ens, signifying higher electron transfer resistance. The anodic
peak potential and current are related to the oxidation reactions
of this experiment, where the current reflects the reaction itself,
while the potential indicates the energy required for the reac-
tion to take place. On the other hand, the cathodic peak potential
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and current are related to reduction reactions of this experiment;
likewise, the current reflects the reaction itself, while the poten-

tial indicates the energy required for the reaction to occur.

CV Trial (s) Anodic Peak  Anodic Peak  Cathodic Peak Cathodic Peak AE
Potential (V)  Current (A)  Potential (V) Current (A)

0 -0.452 1.66E-05 -0.8 -1.13E-04 0.348
1 -0.411 3.89E-05 -0.799 -3.32E-04 0.388
2 -0411 3.54E-05 -0.799 -3.24E-04 0.388
3 0.799 5.59E-05 -0.8 -4,00E-04 1.599
4 0.799 7.41E-05 -0.799 -4 28E-04 1.598
5 -0.436 6.96E-05 -0.799 -4.43E-04 0.363
6 -0.496 1.32E-04 -0.799 -4.93E-04 0.303
7 -0.463 1.13E-04 -0.799 -5.33E-04 0.336

Figure 51: Healthy Soil CV Redox Peak, AE Pairs:

The difference between the stability of anodic and cathodic peak
potential is striking in the healthy soil CV trials. While the an-
odic peak potential keeps on fluctuating and there is an extreme
change from -0.411 to 0.799 from 2nd to 4th trial, which then
comes back to -0.436 on the fifth trial, the cathodic peak poten-
tial maintains a uniform number of -0.8 or -0.799. This indicates

that the energy required for oxidation, which is, for the electron
transfer from microbes to electrodes, are in unstable conditions.
In comparison, the energy required for reduction - which is the
reverse of electron flow direction in oxidation - is relatively sta-
bilized.

AE per CV Trials
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Figure 52: Healthy Soil AE per CV Trials

On the third and fourth CV trials - where the testing time was
roughly similar to CA trials - there were significant boosts in AE;
this aligns with the indication that EAB was formed on electrode
surface demonstrated through CA trials 4 and 5. This strongly
supports the previous understanding of biofilm formation, and
further suggests structural and biochemical changes within the

biofilm, possibly due to the establishment of new redox medi-
ators or developed biofilm architecture. As biofilm thickens, as
suggested in comparison between CA trial 5, affecting electron
pathways for redox reactions on the EAB, therefore increases
AE. Overall, these data indicates a significant transition of EAB
formation in the soil environment through this experiment.

. Anodic Peak Anodic Peak Cathodic Peak Cathodic Peak

CV Trial (5) Potential (V) Current (A)  Potential (V)  Current (A) AE

0 -0.539 1.53E-05 -0.8 -5.18E-05 0.261
1 -0.572 1.40E-04 -0.8 -3.85E-04 0.228
2 -0.478 9.91E-05 -0.799 -341E-04 0.321
3 0.799 8.82E-05 -0.799 -3.17E-04 1.598
4 0.799 8.58E-05 -0.799 -2.99E-04 1.598
5 -0.467 9.40E-05 -0.799 -291E-04 0.332
6 -0.51 8.96E-05 -0.798 -2.56E-04 0.288

Figure 53: Unhealthy Soil CV Anodic Peak and Cathodic Peak Pair
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There are multiple similarities that could be identified between
healthy and unhealthy soil categories of anodic and cathodic
peaks. To begin with, there were both significant boosts in the
amount of AE in trial 3 and 4, which is attributed to the factor of
EAB formation on the working electrode surface. Additionally,
the values of AE in other trials - meaning trials before and after
trial 3 and 4 - are similar. These similarities both imply that both
soil categories underwent EAB formation and maturation peri-
od. Final similarity to note is the cathodic peak potential of both
categories where they are at the extreme end of the potential
settings in the CV trials (the minimum potential set as the pa-
rameter was -0.8 V). As previously statedthis indicates that the

energy required for oxidation, which is, for the electron transfer
from microbes to electrodes, are unstable. Some recognizable
difference from unhealthy soil category is that its anodic peak
current is mostly low with minimal change and negative trend
while healthy soil category steadily increases its anodic peak
current. A decrease in anodic peak current directly correlates to
the decrease of the oxidation current, which is caused by loss of
electroactive microbial activity, engendering the EAB to become
inactive - this idea aligns adequately with the findings from the
analysis of CV data comparative overlay, especially the overlay
of trial 4 onto 5 and trial 5 onto 6.

AE per CV Trials

20

15

1.0
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0.0

CV Trial(s)

3 4 5 6

Figure 54: Unhealthy Soil AE per CV Trials

Same as the healthy soil category, the AE of CV trials 3 and 4
is striking. Although they indicate EAB formation similar to the
interpretation made on the healthy soil category, this EAB is not
mature and not stable enough to remediate soil, suggested from
previous CA and CV trials. In contrast with how the biofilm
thickened, redox reactions were enhanced, and electron transfer
was improved, the EAB from this category was not capable of
providing such merits - which can be attributed to lack of active
microorganisms to form microbial communities, then forming
EAB.

Discussion

In conclusion, the results show that the CA and CV trials effec-
tively reflect the health conditions of both healthy and unhealthy
soil categories. In addition, the results show that both healthy
and unhealthy soil categories formed EAB; nevertheless, they
had different implications. Specifically, while the healthy soil
category formed sturdy EAB structure as a result from its rich-
ness in microorganism content, unhealthy soil category formed
a relatively weak EAB structure due to lack or absence of micro-
organism content as it was killed by putting the healthy soil into
the vertical pressure steam sterilizer. Furthermore, this process
did not exacerbate soil acidification problems, while there were
instances where excessively high pH was dropped into the opti-
mal soil pH range (set by USDA NRCS). Overall, this study has
succeeded in the aspect of real-time electrochemical assessment
of soil health.

Considering that approximately 33% of world’s soil is moder-
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ately to highly degraded, while it is projected that 95% of global
soil would be degraded by 2025, the next step ahead of this re-
search is to not only assess the health conditions of soil in a bio
electrochemical approach but also remediating soil accordingly
after a deep level of real time analysis [27, 28]. Currently, this
research has shown potential through stabilizing the pH of the
unhealthy soil category, but the CA and CV trials of unhealthy
soil category suggests that a weak EAB was formed, not provid-
ing the advantages as indicated from the healthy soil category.
Another next step to consider taking is employing this meth-
od to enhance carbon sequestration. In the status quo, the idea
proposed from this study is capable of carbon sequestration to
a certain extent as it enhances electroactive microbial activity,
decomposing organic materials to carbon and fixing it via micro-
bial metabolism. As a method for enhancement of electroactive
microbial activity is figured out, this will enhance soil’s carbon
sequestration capacity to a broader range of soil types.

This study incorporates positive impacts on soil’s carbon se-
questration capacities, contributing towards climate change
mitigation. To begin with, electrochemical soil remediation and
microbial stimulation helps restore soil aggregation, which pro-
tects organic matter from enzymatic degradation. Consequently,
protected carbon, which is, carbon inside aggregates, are less
accessible to decomposers, aiding long-term carbon storage in
soil. Additionally, EABs are made of EPS. EPS refers to a ma-
trix of high molecular weight substances, which is composed of
polysaccharides, proteins, and nucleic acids that are secreted by
microbes. EPS production from this system leads to effective
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carbon storage as its secretion by microbes fixes organic car-
bon into stable macromolecules in the soil environment. Then,
EPS physically protects microbial cells, functioning like a glue
to bind soil particles into aggregates. Furthermore, the complex
structure of EPS molecules resists microbial breakdown, ensur-
ing that sequestered carbon resides in the soil for an increased
period of time. Overall, EPS production protects sequestered
carbon physically in biofilms and aggregates, chemically sta-
bilizes sequestered carbon for centuries through bonding with
other minerals to create organ mineral complexes, and retains
biologically by preventing microbial breakdown. Although car-
bon sequestration cannot be directly quantified through utilizing
previous bio electrochemical techniques, it is possible to infer
it through observing the displayed trends of microbial growth,
EPS accumulation, and biofilm maturation actively demonstrat-
ed from CA and CV trials. To illustrate, CA trials such as trial 6
and 7 from healthy soil category suggests EAB maturation and
optimization, demonstrating that carbon sequestration abilities
are enhanced. Additionally, CV trials such as trial 3 and 4, where
anodic and cathodic peak potential broadens and double layer
capacitance increases, those factors thereby increase fixed stor-
ing of carbon. Soil is the second largest carbon sink globally, and
restoring its health in a proper way will enable optimal exploita-
tion of soil’s carbon sequestration abilities.

In fact, 3.67 tons of carbon dioxide in earth’s atmosphere con-
verts to only 1 ton of carbon stored in soil (through photosynthe-
sis of plantation). This is because carbon dioxide, which is in a
gas state when in the atmosphere, gets transformed into organic
matter of carbon - which is commonly referred to as soil organic
carbon. This can also be represented through a chemical reaction
of pure carbon combustion (a chemical reaction between a fuel
and oxygen that produces heat, light, and new chemical products
like CO2 and H20).

Below is the Chemical Reaction

C+ 02— CO2

The atomic mass of carbon = 12

molecular mass of oxygen = 16*2 =32
molecular mass of carbon dioxide = 12+32 = 44

Therefore, the Ratio is:

Mass of CO2 / Mass of C = 44/12 = 3.67 (rounded 2 decimal
points)

As a result, a ton of carbon absorbed from a plant means 3.67
tons of carbon dioxide removed from the atmosphere.

As these two other aspects are considered and developed (active
soil remediation and carbon sequestration), this solution will be
able to not only detect health conditions of soil but also actively
rejuvenate and restore soil health, enabling it to perform in its
maximum capacity to contribute in climate change mitigation.

Engineering Extension

The following engineering extension can be executed in order
to leverage the findings from this study as well as addressing its
key limitation of failure to form robust EAB in unhealthy soil
category. Through multiple data sets and its analysis acquired
through this study, insufficiency of microbial community struc-
ture was attributed to the flawed formation of EAB. To extend
the findings from this study to extend from diagnosing soil health
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towards actively remediating soil based on their analyzed health
conditions, the following engineering extension is proposed on
a theoretical basis.

Recognizing the lack of sufficient microbial activity to form
EABs especially from the unhealthy soil category, this system
automates microbial stimulation and nutrient release to surpass
the level of solely assessing health, but also actively remediating
the soil. The workflow of this product is to initially diagnose
soil health, where the three-electrode system performs CV and
CA trials to assess microbial health of soil, which was already
successfully done within this study. Then, the Al decision mak-
ing system built based on all of the CA and CV trial results from
this research will provide an evaluation of current status of soil
conditions and recommend next actions to consider along with
specifying each recommendations’ confidence, rationale, techni-
cal details, and expected outcomes (which are based on the data
collected from previous experiments as well as its simulation).
The AI model reaches the analysis through comparing the data
from the physical experiment outcomes and its simulation. For
instance, when the signal falls behind the threshold due to poor
electrochemical activity, it recommends remediation, and when
the microbial community is sturdy enough, it recommends lim-
iting external intervention. In particular to actively remediating
soil, which is the primary purpose of this engineering extension,
it will utilize a mechanism of pressurized microbial cartridges
with electrothermal release, where microbial consortia are re-
leased into the rhizosphere as wax membrane is heated up by
applying a short electric pulse. In addition to this, alginate beads
serve as a secondary reinforcement to microencapsulate mi-
crobes in calcium alginate (secondary microbe batch) activated
based on pH levels (specifically, when pH is below 6.5 or above
7.6, when it is out of the optimal soil range), then coat with biode-
gradable materials to ensure minimal impact in the soil environ-
ment. Specifically, the biodegradable materials being softwood
sawdust as a coating material over a mycelium-cork composite.
Simultaneously, electrochemical stimulation is applied through
CV and CA trials, initiating redox cycling, thus enhancing EET
and microbial metabolism. Meanwhile, the outer cellulose bio-
degradable mesh that microencapsulated microbes progressively
breaks down, releasing crucial nutrients to remediate soil safely.

One common concern that could emerge regarding this active
remediation sequence is the feasibility of effective dispersion of
the microbial consortia and micronutrients. In order to address
this concern, the system of this extension will exploit electro
kinetic migration. Electro kinetic migration refers to move-
ment of charged particles or ions, which are primarily microbes
in this particular experiment, toward an electrode of opposite
charge due to an electric field. In the three-electrode system the
charges will flow between the working and counter electrode
but not at the reference electrode as it was not designed to pass
current. Considering that bacteria’s cell membranes, which are
composed of lipopolysaccharides and teichoic acids, have a net
negative surface charge, they will migrate towards the positive
charge. In the three electrode systems of this study, the working
electrode constantly applies current to the soil from its CA tri-
als, rendering it positive; in contrast, the counter electrode has a
negative charge. Therefore, bacterias will be migrating towards
working electrodes, effectively spreading micronutrients and
forming EAB across the soil.
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The advantage of employment of electro kinetic migration is that
its transportation can fundamentally take place over distances in
both compact or poorly permeable soils. The migration typical-
ly works when a weak DC electric field is applied. However,
considering that CA trials itself already applies constant current

System Components

to soil, there is no need to add additional electrode systems; in-
stead, it solely requires a slight modification of applied current
of 0.2V (original parameters set for previous CA trials) to 1V.

The following is the Overview of System Components of the Engineering Extension:

Component

Specifics

Function

Three-Electrode System (Same system
as the experiment, consists of working,
counter, and reference electrode)

Employed for CV and CA trials, EAB
formation, and active redox cycling

Active Electrochemical Redox Cycling

Controlled polarity pulses stimulate
microbial metabolism and pollutant
breakdown

Inoculation System

Electrothermal Wax-Catridge

Triggered as wax membrane is heated,
releasing microbial consortia into the soil

Alginate Beads Enclosed with Biode-
gradable Outer Mesh

pH-activated release of secondary
microbes into the soil, enclosed with
cellulose based outer mesh that degrades
about 2-4 weeks

Microcontroller Managed Circuit

A microcontroller to supervise the over-
all CV and CA trial runs, integrated with
website and Al for analysis and decision
making, and remediation through con-
trolling inoculation systems

Three-Electrode System
Employed for CV and CA
trials, EAB formation, and

active redox cycling

Active Electrochemical
Redox Cycling

Controlled polarity Quter mesh
pulses stimulate that degrades
microbial metabolism in about 2-4
and pollutant breakdown weeks

Inoculation System
Triggered as wax membrane is
heated releasing microbial
consortia into the soil

Microcontroller
Managed Circuit

A microcontroller to
supervise the overall CV
and CA trial runs,
connection with Al for
analysis and decision
making, and remediation
through controlling
inoculation systems

Alginate Beads
Enclosed with
Biodegradable
Outer
pH-activated release of
secondary microbes
into the system

Figure 55: Al Generated image of the Overall System

Sample Website and Al Integration

The following website (URL: https://isefprojectbyjohn.netlify.
app/) is a sample website for presenting this engineering exten-
sion, where the users can experience the simulation of what the
engineering extension would do in real life.

The website itself has multiple key features. To begin with, it
runs sample CA and CV trials in dual modes - sensing and re-
mediation. During the sensing mode, there are no microbes or
any type of supplement released to the system. It is used for
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analyzing the impact of soil remediation efforts done within the
website or comparing between before and after a certain action
was performed within the system. During the remediation mode,
it actively releases microbes through the system’s electrothermal
wax cartridge and alginate beads enclosed with biodegradable
outer mesh, based on the conditions of the soil. Redox cycling
can also be employed for remediation, to effectively form strong
EABs. Meanwhile, CA and CV trials alternate, where each trial
is performed based on the needs of the user. To illustrate, if the
user needs to detect and confirm EAB formation, or observe the
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redox activity of the system, they could observe CA trials; where-
as, if the users are looking for tracking changes and comparing
bio electrochemical activity, they could observe CV trials. Users
can activate Al decision mode in order to receive recommenda-
tions on the soil health indicated from CA and CV simulation
trials. The lines of the graphs are color coded in order to differen-
tiate between results during sensing and remediation modes. Ad-
ditionally, users can upload their own CA and CV trials, which
will be analyzed by the Al based on the CA and CV results of
this study, to provide detailed analysis and recommendation for
future action to effectively remediate soil. Furthermore, Al can
also make decisions based on the analysis on the sample CA and
CV trials run on the website. It then provides recommendations
along with a rationale, expected outcomes, and the confidence of
its recommendation. Finally, there is a system event log, where
users can easily view the actions that they have taken within this
sample soil system, or within their uploaded CV or CA data set.

Implications and Challenges

The proposed engineering extension effectively integrates the
efficient real-time electrochemical biosensing validated through
this research with potential methods of real-time soil remedi-
ation based on such electrochemical biosensing. This new ap-
proach brings value to the realms of the research as it enables
in-situ, nondestructive methods of soil biosensing as well as
soil remediation. By implementing soil remediation, it enhances
the soil’s carbon sequestration abilities, contributing to climate
change mitigation. By implementing effective formation of EPS
and EAB, this can render soil to become a more effective carbon
sink. In addition, this research opened potential for integration
between soil data and AI, which can help train AI models to
provide more accurate predictions and more effective decisions
to remediate soil effectively. Finally, this engineering extension
can be potentially employed in the field of sustainable agricul-
ture, where individuals can easily gain a better understanding
about soil health, helping them with crop rotation, fertilizer us-
age, and land regeneration efforts strategies. All in all, this ex-
tension effectively connects diagnosis and suggestion of action
plans based on it.

Despite the diverse advantages of this engineering extension,
there are remaining limitations and challenges that should be
considered for future studies and reference. To begin with, the
accuracy of the prediction of the AI model might be unstable
and weak considering applications in wild soil settings. This
is because the data gathered through this experiment were lab
based, thus it cannot fully consider every aspect of the soil envi-
ronment. One key factor that was not considered in this research
was weather/climate, as it was enclosed in a parafilm limiting
influence from temperature and humidity. Also, it was not tested
in a rainy environment, which could influence soil texture, struc-
ture, noise influence, and pH. It is undeniable that the ecosystem
is non-linear and context-dependent; unexpected changes may
give rise to significant implications, which were not fully ex-
plored in this research. In addition, the unpredictability of cells’
redirection of resources is a challenge to note of this engineer-
ing extension. There are various reasons for this behaviour, one
being non-genetic heterogeneity; which determines cell fate de-
cision and differential response and adaptation to different en-
vironmental conditions [29]. Another reason is due to bet-hedg
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Sample Website and Al Integration

The following website (URL: https://isefprojectbyjohn.netlify.
app/) is a sample website for presenting this engineering exten-
sion, where the users can experience the simulation of what the
engineering extension would do in real life.

The website itself has multiple key features. To begin with, it
runs sample CA and CV trials in dual modes - sensing and re-
mediation. During the sensing mode, there are no microbes or
any type of supplement released to the system. It is used for
analyzing the impact of soil remediation efforts done within the
website or comparing between before and after a certain action
was performed within the system. During the remediation mode,
it actively releases microbes through the system’s electrothermal
wax cartridge and alginate beads enclosed with biodegradable
outer mesh, based on the conditions of the soil. Redox cycling
can also be employed for remediation, to effectively form strong
EABs. Meanwhile, CA and CV trials alternate, where each trial
is performed based on the needs of the user. To illustrate, if the
user needs to detect and confirm EAB formation, or observe the
redox activity of the system, they could observe CA trials; where-
as, if the users are looking for tracking changes and comparing
bio electrochemical activity, they could observe CV trials. Users
can activate Al decision mode in order to receive recommenda-
tions on the soil health indicated from CA and CV simulation
trials. The lines of the graphs are color coded in order to differen-
tiate between results during sensing and remediation modes. Ad-
ditionally, users can upload their own CA and CV trials, which
will be analyzed by the Al based on the CA and CV results of
this study, to provide detailed analysis and recommendation for
future action to effectively remediate soil. Furthermore, Al can
also make decisions based on the analysis on the sample CA and
CV trials run on the website. It then provides recommendations
along with a rationale, expected outcomes, and the confidence of
its recommendation. Finally, there is a system event log, where
users can easily view the actions that they have taken within this
sample soil system, or within their uploaded CV or CA data set.

Implications and Challenges

The proposed engineering extension effectively integrates the
efficient real-time electrochemical biosensing validated through
this research with potential methods of real-time soil remedi-
ation based on such electrochemical biosensing. This new ap-
proach brings value to the realms of the research as it enables
in-situ, nondestructive methods of soil biosensing as well as
soil remediation. By implementing soil remediation, it enhances
the soil’s carbon sequestration abilities, contributing to climate
change mitigation. By implementing effective formation of EPS
and EAB, this can render soil to become a more effective carbon
sink. In addition, this research opened potential for integration
between soil data and Al, which can help train Al models to
provide more accurate predictions and more effective decisions
to remediate soil effectively. Finally, this engineering extension
can be potentially employed in the field of sustainable agricul-
ture, where individuals can easily gain a better understanding
about soil health, helping them with crop rotation, fertilizer us-
age, and land regeneration efforts strategies. All in all, this ex-
tension effectively connects diagnosis and suggestion of action
plans based on it.

Despite the diverse advantages of this engineering extension,
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there are remaining limitations and challenges that should be
considered for future studies and reference. To begin with, the
accuracy of the prediction of the Al model might be unstable
and weak considering applications in wild soil settings. This
is because the data gathered through this experiment were lab
based, thus it cannot fully consider every aspect of the soil envi-
ronment. One key factor that was not considered in this research
was weather/climate, as it was enclosed in a parafilm limiting
influence from temperature and humidity. Also, it was not tested
in a rainy environment, which could influence soil texture, struc-
ture, noise influence, and pH. It is undeniable that the ecosystem
is non-linear and context-dependent; unexpected changes may
give rise to significant implications, which were not fully ex-
plored in this research. In addition, the unpredictability of cells’
redirection of resources is a challenge to note of this engineer-
ing extension. There are various reasons for this behaviour, one
being non-genetic heterogeneity; which determines cell fate de-
cision and differential response and adaptation to different envi-
ronmental conditions [29]. Another reason is due to bet-hedg-
ing, an intentional risk spreading strategy to improve survival. In
particular, bacteria produce persister cells by reallocating meta-
bolic resources, which is a classic bet hedging strategy to sur-
vive antibiotic stress [30]. Generally, by having subpopulation
of the soil be in diverse conditions, for instance, slowed down
growth or dormancy;, it helps the soil to survive unpredictable fu-
ture stress; this is is the rationale of bet-hedging [31]. As cells re-
direct resources in unpredictable manner, this gives rise to yield
drops and hinders effective use of microbial consortia additions.
Overall, this behaviour of cells lowers the efficiency of the sys-
tem. Generally, these limitations and challenges are tied with
the unpredictable nature of soil due to its behaviour in pursuit of
survival and efficiency; it is highly encouraged for future studies
to consider this factor and adequately address them to make soil
health evaluation and soil remediation more feasible via electro-
chemistry in real world applications [32-36].
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