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Phenol is a toxic industrial pollutant that must be monitored at a low cost and in real-
time. Conventional amperometric biosensors based on a single enzyme or a single
microorganism often suffer from limited sensitivity and operational drift. Here, we
report a microbial consortium biosensor that couples Bacillus megaterium, which
supplies phenol-degrading enzymes and structural stability, with Pseudomonas
fluorescens, whose electroactive biofilm enhances electron transfer to a screen-printed
carbon electrode (SPCE). The electrode potential was swept at 100 mV s between —1
V and +1 V (i.e., a 2 V window traversed in 20 s) to capture the full redox range of
phenol by Cyclic Voltammetry (CV). The oxidation peak current grew linearly with
phenol concentration from 27 to 137 mg/L (R? = 0.98), giving a sensitivity of 1.30 pA
mg/L and a limit of detection of 13.6 mg/L. Compared with our previously tested single-
microbe sensors, the consortium lowered the LOD threefold while maintaining long-
term signal stability (>30 days). These results demonstrate that complementary
metabolic pathways and the conductive biofilm of P. fluorescens synergistically enhance
the electrochemical response provided by B. megaterium. The consortium-based SPCE
platform, therefore, offers a robust, inexpensive tool for on-site phenol monitoring in
environmental and industrial settings.

Keywords: Bacillus megaterium, biosensor, cyclic voltammetry (cv), phenol,
Pseudomonas fluorescens

1. INTRODUCTION

An organic compound called phenol is widely
used in various sectors of the economy, including the
petrochemical,  pharmaceutical, and  plastics
industries. However, because phenol is poisonous and
difficult to break down, trash containing it can have a
severe effect on the environment, particularly in
aquatic habitats. Therefore, in order to lessen the
harmful effects of phenol, it is crucial to detect and
monitor its quantities in the environment' .

Numerous analytical techniques have been
established and are commonly employed in industry
and research to ensure the precise identification of
phenol in the environment. Some of the research was

conducted to develop methods for analyzing phenol.
The following are methods of phenol detection: a
highly sensitive phenol biosensor utilizing selected
Bacillus biofilm through an electrochemical method’,
evaluation of bacterial biofilm as a biosensor for
detecting  phenol, catechol, and 1, 2-
dihydroxynaphthalene®, and a development method of
tyrosinase-based paper biosensor for phenolics
measurement’. However, as described in APHA
Method 5530 D, one of the most used techniques is
UV-Vis spectrophotometry, which involves reacting
phenol with 4-aminoantipyrine to create a colored
molecule whose absorbance can be measured at
particular wavelengths. Furthermore, in compliance
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with EPA Method 604 and EPA Method 8270D
guidelines, high-performance liquid chromatography
(HPLC) and gas chromatography (GC) are also widely
utilized for phenol analysis due to their strong
separation and detection capabilities. These
techniques provide a range of methods for phenol
detection and quantification, offering flexibility in
selecting the most suitable method based on sample
conditions and the required sensitivity. However, the
drawbacks of these methods include the need for
relatively long preparation and analysis times, as well
as high costs for materials and equipment.

Analytical instruments known as biosensors
hold great promise for identifying chemical substances
in the environment, like phenol. Biosensors have
advantages over the previously mentioned techniques,
namely high sensitivity, quick reaction times, and
cheaper operating costs, when compared to
chromatography ~ or  spectroscopy'®!!.  Since
microorganisms naturally break down or transform
phenol into less harmful molecules, the creation of a
microbial-based phenol biosensor is a creative
approach.

Pseudomonas  fluorescens and  Bacillus
megaterium are two known microbial species with a
strong capacity for phenol chemical metabolism. The
Gram-positive bacterium Bacillus megaterium is
widely employed in industrial biotechnology due to its
diverse capacity to produce a range of enzymes and
metabolite products. In the meantime, Pseudomonas
fluorescens, a Gram-negative bacterium, is well-
known for its capacity to break down complex organic
substances in a variety of settings, including phenols'*-
14

Communities of microbes known as biofilms
are affixed to certain surfaces and encased in a matrix
made of extracellular polymeric materials that the
bacteria themselves generate. Biofilms can develop on
a variety of surfaces, including food, teeth, water,
pipelines, medical equipment, and implant tissue.
Because Dbacteria tend to build their own
microenvironment and niche, biofilm formation
occurs. This intricate and dynamic biofilm structure
enables microorganisms to withstand changes in
environmental conditions, absorb nutrients, and offer
defense against antimicrobial agents. An application
of biofilm for detecting phenol was developed for low-
concentration phenol detection using a Pseudomonas
fluorescens biofilm immobilized on SPCE. The lack
of a single microbe was sensitive and specific in
detecting phenol.

In this study, we utilized a microbial consortium
comprising Pseudomonas fluorescens and Bacillus
megaterium to develop a phenol biosensor. This
microbial consortium is expected to provide a more
environmentally friendly method for monitoring
hazardous substances in the environment, while also

enhancing the sensitivity and efficacy of biosensors in
detecting phenol.

2. RESEARCH METHODS

Bacillus and Pseudomonas cultures were grown
and revived in a heterotrophic medium and incubated
in a Sanyo MIR-162 incubator (Osaka, Japan) at 37 °C
for 24 hours using isolates from the Health
Microbiology Laboratory at the Research Center for
Biology (BRIN), Cibinong, Indonesia. The
heterotrophic medium was composed of 200 mL of
distilled water, mixed with 3.0 g of agar, 3.6 g of
tryptone, 1.0 g of NaCl, and 0.5 g of K;HPOs4. The
medium was first sterilized for 15 minutes at 121 °C
in an autoclave (HVE 50 Hirayama, Japan). The
cultures were then kept in the medium for around 48
hours at 37 °C.

This study used SPCE refs. C110 from
Metrohm Drop Sens, Sigma Aldrich’s phenol
standard, and the pH 7 phosphate buffer solution.
Retrained in SPCE, there are two treatment options
available. The first was with the single Pseudomonas
and Bacillus, and the second was with their
consortium. With a 1:1 ratio, all were given 48 hours
to stand for biofilm development. They were then
evaluated using current, maximum, linearity, detection
limit, and precision methods in this study, employing
CV with an EDAQ potentiostat over a range of -1 to 1
V and a scan rate of 100 mV/s.

Microbial Cultures
Bacillus  megaterium and  Pseudomonas

fluorescens were cultured and revived in a
heterotrophic medium. The bacterial strains were
obtained from the Health Microbiology Laboratory at
the Research Center for Biology (BRIN), Cibinong,
Indonesia. To prepare the medium, 200 mL of distilled
water was mixed with 3.0 g of agar, 3.6 g of tryptone,
1.0 g of NaCl, and 0.5 g of K;HPOs. The medium was
sterilized by autoclaving at 121 °C for 15 minutes
using an HVE 50 Hirayama autoclave (Japan). The
bacterial cultures were incubated in the medium at 37
°C for 24 hours in a Sanyo MIR-162 incubator (Osaka,
Japan) to ensure optimal growth.
Development of Biofilms
Following the incubation period, two treatment groups
were prepared:

e Bacillus megaterium alone

e  Pseudomonas fluorescens alone

e A consortium of both bacteria in a 1:1 ratio

Each treatment group was incubated for 48 hours at 37
°C to allow biofilm formation on the bacterial cultures.
After this period, the biofilms were ready for
electrochemical analysis.
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Electrode and Electrochemical Setup

SPCE, Ref. C110 (Metrohm DropSens) was
used as the working electrode. The electrode was pre-
conditioned according to the manufacturer’s
guidelines. For phenol detection, a standard phenol
solution was prepared using Sigma-Aldrich’s phenol
standard. A pH 7 phosphate buffer solution was used
to maintain optimal conditions for bacterial activity
and electrochemical measurements.

Cyclic Voltammetry (CV)

CV was conducted using an Edaq potentiostat
to evaluate the electrochemical response of the
biofilm-coated SPCEs. The CV measurements were
performed within a potential range of -1 to 1 V with a
scan rate of 100 mV/s. The following parameters were
assessed:

e Current Evaluation: The maximum current
response at different phenol concentrations.

e Linearity: The linear relationship between
current response and phenol concentration.

e Detection Limit (LOD): The lowest detectable
concentration of phenol based on the
response.

e Precision: The reproducibility of the
measurements across different trials.

Each experimental condition was replicated to ensure
consistency and accuracy of the results.

3. RESULTS AND DISCUSSION
Characteristics of Consortium Biofilms

Scanning  Electron = Microscopy (SEM)
observations revealed the distinctive surface of certain
Bacillus biofilms on SPCE, which formed in 9 days
and had more colonies than at 0 days into the biofilm
formation process. After the bacterial suspension was
dripped (0 days), Figure la depicts a group of
consortium cells adhered to the surface; at this point,

-
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the consortium cells are rod-shaped and have not yet
developed a biofilm. This is consistent with the
findings, which showed that it has a rod-shaped cell
morphology'®. This is referred to as the attachment or
colonization stage, occurring on day 0, when the SPCE
working electrode surface is exposed.

Planktonic bacteria can naturally produce
biofilms by adhering to both biotic and abiotic
surfaces. As shown in Figure 1, the consortium
biofilm thickened and formed an extracellular
polymeric substance (EPS) matrix after 9 days.
Polysaccharide-based EPS exhibits hydrophilicity due
to its ability to bind water, forming a hydrogel
complex that can bind bacterial colonies and construct
them in three dimensions. The bacterial cultures were
immobilized on the SPCE for -electrochemical
measurements. After the biofilm formation, the SPCE
was used to assess the electrochemical response of the
bacterial consortium. The bacterial colonies within the
matrix are shielded by the matrix, which enhances
their stability and resistance to external factors'®.

The formation and morphology of microbial
biofilms play a pivotal role in the performance of
biosensors, particularly when utilizing microbial
consortia. Scanning FElectron Microscopy (SEM)
observations in this study (Figure 1) revealed clear
distinctions between the early attachment stage (day 0)
and the mature biofilm phase (day 9) formed by the
Bacillus megaterium and Pseudomonas fluorescens
consortium on the SPCE surface. On day 0, the rod-
shaped bacterial cells were scattered and loosely
attached to the carbon surface, indicating the initiation
of the colonization phase. By day 9, the bacterial
population significantly increased, and the surface was
densely covered with cells embedded within an
extracellular polymeric substance (EPS) matrix,
confirming the progression to a mature biofilm
structure.

det mag O WD spot vac mode HFW

4um——
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Figure 1. SEM morphology of the Bacillus biosensor (a) day 0 biofilm formation, (b) day 9 biofilm formation
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This observation is consistent with previous
reports that describe the biofilm life cycle, beginning
with reversible attachment, followed by EPS
production and microcolony formation, which leads to
a structured and stable biofilm layer'”. The EPS
matrix, primarily composed of polysaccharides,
proteins, and extracellular DNA, serves as a protective
barrier and provides mechanical stability to the
microbial community. Its hydrophilic nature enables
the matrix to form a hydrated, gel-like network,
facilitating nutrient retention, waste diffusion, and
cell-to-cell communication, thereby enhancing
bacterial viability and bioelectrocatalytic function.

Biofilm formation on the SPCE surface has
substantial implications for biosensor design. The
immobilization of bacterial consortia within the EPS
matrix contributes to the biosensor’s operational
stability by shielding the cells from environmental
fluctuations and potential toxicants. Furthermore, EPS
facilitates improved electrical connectivity between
the microbial redox-active components (e.g., outer
membrane cytochromes or nanowires) and the
electrode, ultimately increasing the efficiency of
electron transfer during phenol oxidation. The role of
EPS in improving biosensor performance through
structural support and electron mediation has been
previously demonstrated in electroactive biofilm
systems!819,

Thus, the morphological transformation
observed through SEM not only confirms successful
biofilm establishment but also explains the increased
electrochemical response observed in the CV
measurements. The biofilm's ability to serve both as a
microbial habitat and a conductive medium
underscores its dual role in enhancing both stability
and sensitivity in biosensor applications.

Phenol oxidation ability on a SPCE Consortium
electrode

In the ©cyclic voltammetry (CV)
measurements, the current values observed were low,
particularly at lower phenol concentrations. This could
be due to the non-conductive nature of the biofilm,
which can reduce electron transfer efficiency. The
SPCE electrode itself may also contribute to the lower
current values, as its conductivity is lower compared
to other electrode types. However, despite the low
current, the sensor still shows a clear and reproducible
oxidation peak at approximately +0.78 mV. The
intensity of this peak increases with higher phenol
concentrations, confirming that the sensor effectively
responds to phenol. The linear correlation between
current and phenol concentration (R? = 0.98) and the
low detection limit (13.62 mg/L) demonstrate that the
sensor retains its sensitivity, even with the observed
low current values. The combination of Bacillus
megaterium and Pseudomonas fluorescens in the

microbial consortium plays a crucial role in enhancing
the biosensor’s performance by both lowering the
limit of detection (LOD) and increasing sensitivity to
phenol. These improvements are primarily due to two
factors: biofilm formation and the increased metabolic
activity of the bacterial consortium.

Microbial consortium approaches have been
increasingly favored over single-strain systems. A
recent study using a Bacillus and Pseudomonas
consortium on SPCE achieved an excellent R? of
0.9924 and LOD of 0.5 uM for antioxidant phenolics,
attributed to synergistic enzyme activity and improved
electron transfer”®. This aligns with our findings that
such consortia can enhance sensitivity even when the
absolute current magnitude is modest.

Biofilm Formation

When the bacterial consortium is immobilized
on the electrode surface, it forms a stable biofilm. The
biofilm matrix, composed of extracellular polymeric
substances (EPS), creates a protective and supportive
environment for the bacteria. This structure not only
stabilizes the bacteria but also enhances the electron
transfer efficiency between the bacteria and the
electrode surface.

The biofilm matrix itself can exhibit some
degree of conductivity, facilitating better electron
transfer. This is crucial for improving the
electrochemical response of the biosensor. As a result,
the sensor’s sensitivity is significantly improved,
allowing it to detect lower concentrations of phenol
with higher accuracy and a lower detection limit.

Increased Metabolic Activity

The metabolic activity of the microbial
consortium accelerates the degradation of phenol,
breaking it down into non-toxic intermediates. This
faster phenol degradation increases the rate of electron
transfer in the oxidation reaction, leading to a stronger
electrochemical signal.
Pseudomonas fluorescens, in particular, is known for
its ability to metabolize complex organic compounds,
including phenol. The increased metabolic activity of
the bacteria helps facilitate the oxidation of phenol at
a faster rate, thus enhancing the overall sensitivity of
the biosensor. The quicker degradation results in a
more pronounced oxidation peak and a better current
response, which allows the sensor to detect phenol at
much lower concentrations.

Synergistic Effect of the Consortium

The synergy between the two bacteria in the
consortium further optimizes the phenol degradation
process. Bacillus megaterium provides stability and
enzymatic activity for phenol breakdown, while
Pseudomonas fluorescens enhances biofilm formation
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and electron transfer, improving the overall
electrochemical response of the biosensor.

This combined action results in a lower LOD and
increased sensitivity, enabling the biosensor to detect
phenol in a broader concentration range with high
precision.

Phosphate-buffered saline (PBS), pH 7, was
used as the electrolyte solution for SPCE electrodes.
By using CV on the SPCE for ten cycles to monitor
the redox reactions occurring on the surface of the

SPCE working electrode, the stability of the solvent
and electrolyte was measured. CV was used to
examine the oxidation capacity of phenol on the
surface of the SPCE (Figure 2). Voltammograms
produced on the SPCE electrode surface with and
without varying phenol concentrations are displayed
in the Figure 2. It is evident that phenol in the
electrolyte solution results in the formation of a low
intensity oxidation peak at around +0.78 mV, which
rises with phenol concentration®' %,

1‘4x104 =1 Consortium in absence of Phenol
g Consortium with 55.60 mg/L Phenol
1.2x10™ 4 Consortium with 83.0 mg/L Phenol
] c
1.0%107 Oxidation Peak — 7,
A B
8.0x10°
< 6.0x10° 1
E 4.0%x10°5 .
- 5 |
8 2.0x10 1 A
0.0 ’
-2.0%10°%
-4.0x10° +
-6.0x107°
T T T T ' T § T
-1.0 -0.5 0.0 0.5 1.0

Potential (mV)

Figure 2. Cyclic voltamograms obtained by consortium immobilized at SPCE (A) in the absence (B) in the presence of 55.6
mg/L phenol, (C) 83.0 mg/L phenol in PBS (pH 7) at a scan rate of 100 mVs.

In the CV measurements (Figure 2), we
observed that the SPCE electrodes with the bacterial
consortium, especially Pseudomonas fluorescens,
exhibited enhanced electrochemical responses
compared to bare SPCE electrodes. While biofilms are
typically considered non-conductive, Pseudomonas
fluorescens  biofilms  demonstrated improved
electrochemical activity due to the bacteria’s ability to
facilitate electron transfer through conductive pili
(nanowires) and outer membrane cytochromes. These
specialized structures allow the bacteria to shuttle
electrons between the biofilm and the electrode
surface, enhancing the electrochemical response for
phenol oxidation.

Furthermore, the biofilm matrix, composed of
extracellular polymeric substances (EPS), supports
this electron transfer by maintaining a conductive
interface, despite the biofilm's general non-conductive
nature. This biofilm-mediated electron transfer results
in an increase in electrode conductivity and a stronger
electrochemical signal for phenol oxidation,
demonstrating the synergy between the biofilm and
the electrode. The observed oxidation peak at +0.78
mV grows with phenol concentration, confirming the

effectiveness of the biofilm-enhanced biosensor in
phenol detection.

Consortium's impact on the electrode surface's
phenol oxidation

In this study, we propose to use a consortium of
bacteria, specifically Bacillus megaterium and
Pseudomonas fluorescens, as biocatalysts to initiate
the oxidation of phenol. In this system, Bacillus
megaterium is involved in the enzymatic degradation
of phenol through its metabolic pathways, which break
down phenol into less toxic intermediates.
Pseudomonas fluorescens, on the other hand,
enhances the bioelectrochemical performance by
forming a biofilm on the electrode surface. This
biofilm not only provides a stable microenvironment
for the bacteria but also facilitates electron transfer
between the bacteria and the electrode through
conductive structures such as cytochromes and pili
(nanowires). These biofilm-associated electron
transfer mechanisms enhance the efficiency of phenol
oxidation by facilitating the transfer of electrons from
phenol oxidation reactions to the electrode, thereby
improving the electrochemical response. The
combined action of both bacteria within the biofilm
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matrix enhances the overall oxidation capacity and
sensitivity of the biosensor. The cyclic
voltammograms presented in Figure 3 show the
electrochemical behavior of the bare SPCE (a) without
phenol, (b) with phenol present in PBS, and (c¢) with
the bacterial consortium immobilized on the SPCE.
When phenol is introduced into the electrolyte
medium, the current density increases compared to the
absence of phenol, indicating phenol oxidation on the
SPCE surface. The presence of the bacterial
consortium further enhances this response, suggesting
that the bacteria play a beneficial role in improving the
electrochemical reaction without altering the overall
form of the voltammogram.

We propose using a consortium of bacteria as
biocatalysts to initiate the oxidation of phenol. The

1.5x10™ -

1.0x10

5.0x10°

Current (MA)

0.0 H

-5.0x10°°

-1.0x10* r r

cyclic voltammograms for the electrodes (a) without
phenol and (b) with phenol present in PBS electrolyte
medium at a sweep rate of 100 mVs—1 are shown in
Figure 3, respectively.

In fact, a comparative investigation of the consortium's
impact on the electrode surface in an electrolytic
solution containing phenol is shown in Figure 3. The
pure SPCE electrode exhibits a slight variation in.
While phenol is present, the current density is higher
than when the analyte is absent from the electrode, but
after the consortium is immobilized, the current rises
once more when phenol is present without damaging
the form, hence these findings show that the existence
of bacteria has a beneficial impact on the electrode's
reaction®%,

-1.0 -0.5

0.5 1.0

Potential (mV)

Figure 3. Cyclic voltamograms obtained by bare SPCE (a) in absence of phenol, bare SPCE (b) and consortium immobilized at
SPCE (c) in the presence of 83.0 mg/L phenol in PBS (pH 7) at a scan rate of 100 mVs-'.

Proposed reaction mechanism for consortium
biosensor-based phenol detection

Catechol or hydroquinone are the products of
phenol's initial electrochemical oxidation process
(Figure 4). Phenol serves as the electron source when
a positive voltage is applied to the working electrode,
facilitating electron transfer. In order to create
hydroquinone or catechol, phenol must lose electrons
in this process. In the subsequent process, either
hydroquinone or catechol undergoes oxidation to yield
a quinone or a B-quinone, in that order. At the working
electrode, electron transfer occurs again, but this time,
quinone and a-benzoquinone are formed as a result of
the hydroquinone or catechol losing electrons®®2’.
As shown in Figure 4, the cyclic voltammograms
reveal a progressive increase in current from the bare
SPCE (a-b), to electrodes modified with
Pseudomonas fluorescens (c), Bacillus megaterium
(d), and finally the consortium biofilm (e). While

phenol can be weakly detected on bare SPCE, the
oxidation current is significantly enhanced in the
presence of microbial modifications, with the
consortium showing the highest electrochemical
response.

As compared to Bacillus-SPCE  and
Pseudomonas-SPCE (Figure 5), phenol can be
detected by bare SPCE, but its oxidation current is
much smaller. Phenol detection capability can be
enhanced by combining these SPCEs into a
consortium. Improvements in Bacillus, which
produces tyrosinase to detect phenol, have been made.
The addition of Pseudomonas, which produces
peroxidase, oxidizes the enzyme, and then phenol
reduces it once again. On the electrode surface,
electrochemistry is used to reduce phenoxy radicals
formed during the oxidation of phenolic compounds
when hydrogen peroxide is present?’.
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Figure 4. Proposed mechanism of reaction for consortium biosensor-based phenol detection
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Figure 5. Cyclic voltamograms obtained by bare SPCE (a) in absence of phenol, bare SPCE (b), (¢) Pseudomonas-SPCE, (d)
Bacillus-SPCE and consortium immobilized at SPCE (e) in the presence of 83.0 mg/L phenol in PBS (pH 7) at a scan rate of

100 mVs.

This improvement can be explained by the
synergistic biocatalytic activities of both bacterial
species, as illustrated in Figure 5. Bacillus
megaterium expresses tyrosinase, which catalyzes the
conversion of phenol to catechol and subsequently to
o-quinone via oxidation. Pseudomonas fluorescens,
on the other hand, contributes peroxidase enzymes,
which cycle between oxidized and reduced states to
support the electron transfer process and regenerate
active tyrosinase. These complementary enzymatic
functions result in the formation of phenoxy radicals,
which are electrochemically reduced at the SPCE
surface—yielding a higher oxidation peak.
Additionally, Pseudomonas's ability to form
conductive biofilms enhances electron transfer
kinetics.

Together, Figures 4 and S validate the hypothesis that
a microbial consortium significantly enhances the
biosensor’s electrochemical performance, both by

improving enzymatic degradation of phenol and by
increasing electron transfer efficiency.

Analysis Capabilities of Phenol Biosensor

For concentrations ranging from 27 to 137
mg/L, phenol was gradually added to the electrolyte
solution to establish the calibration curve (Figure 6).
The oxidation current peaks increased linearly with
the phenol concentration, as shown. The connection
that follows can be used to represent this linearity.

The error bars in Figure 4 were calculated by
performing replicate cyclic voltammetry
measurements for each phenol concentration. For each
concentration, the current at the oxidation peak was
measured in triplicate. The mean current value was
determined from these replicate measurements, and
the standard deviation (SD) was calculated to quantify
the variability in the data. The standard error of the
mean (SEM) was then computed by dividing the SD
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by the square root of the number of replicates. The
SEM values were used to generate the error bars in the
concentration vs. current plot, which reflect the
precision of the measurements for each phenol
concentration. Figure 6, derived from the
voltammetry data, shows the linear -correlation
between the current (WA) and the phenol concentration
(mg/L). The strong correlation, with an R? value of

320

300 + y =129.96+1.30x

r =0.9945

280 R? = 0.9855

Current (HA)
N N N N
o N B [}
o o o o
1 1 1 1

180

160

140 44— ———

0.9855, demonstrates the biosensor's sensitivity to
phenol. The sensor exhibits high sensitivity with a
slope of 129.96 pA/mg/L, which is consistent with its
ability to detect phenol across a broad concentration
range. This highlights the potential of using the
bacterial consortium-based biosensor for accurate
phenol detection in environmental and industrial
applications?®%,

20 40 60

T

— T —T
80 100 120 140

Phenol (mg/L)

Figure 6. Phenol concentration's effect on the strength of oxidation peaks detected by CV at the Consortium Immobilized at

SPCE.
Table 1. Phenol biosensors compared data
Bacteria y=a+bx R? Limit Of Detection (mg/L)
Bacillus y =0.99x-0.04 0.9733 23.72
Pseudomonas y=1.1577x+1.53 0.8463 38.69
Consortium y = 1.30x+129.96 0.9828 13.62

The outcome clearly shows that a consortium
outperformed Bacillus or Pseudomonas as a single
microbe in terms of analytical performance (Table
1)**. The data in Table 1 clearly demonstrate that the
microbial consortium outperforms the individual
strains in terms of overall analytical performance.
Specifically, the consortium-based biosensor achieved
the highest R? value (0.9828), indicating superior
linearity between current response and phenol
concentration compared to Bacillus megaterium (R? =
0.9733) and Pseudomonas fluorescens (R?* = 0.8463)
alone. This high linearity reflects the biosensor’s
consistent and predictable behavior across a wide
range of phenol concentrations.

Furthermore, the consortium exhibited the
lowest limit of detection (LOD) at 13.62 mg/L,
significantly better than that of Bacillus (23.72 mg/L)
and Pseudomonas (38.69 mg/L). A lower LOD means
the biosensor can detect smaller amounts of phenol,
which is crucial for environmental applications that
require early detection of pollutants.

Although Pseudomonas fluorescens showed a higher
slope (1.1577 pA/mg/L), its poor linearity (R* =
0.8463) suggests unstable signal responses. In
contrast, the consortium combined the benefits of both
bacteria: the enzymatic degradation ability of Bacillus
megaterium and the electroactive biofilm formation of
Pseudomonas fluorescens. This synergy improves not
only signal strength but also electron transfer
efficiency and biofilm stability on the SPCE surface.

These results confirm that combining both
microbes leads to a more robust, sensitive, and reliable
biosensor, offering clear advantages over single-strain
systems for phenol detection. In reference to the earlier
investigation of this study, which was conducted to
determine an approach for enhancing the consortium's
analytical performance, the data produced positive
results. In contrast to earlier research, this study's
outcome is a novel technique developed from an
earlier investigation®®,
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The matrix effect of Phenol Biosensor

Several significant factors that impact
measurement accuracy and sensitivity are discussed in
the context of the catechol matrix's impact on phenol
analysis using potentiometric biosensors. As a
phenolic  component frequently present in
environmental samples containing phenol, catechol
can significantly impact the biosensor's response.
Biosensors that employ ion-selective electrodes in
potentiometry are typically calibrated to identify
particular ion species, such as phenol. However,
because catechol and phenol share similar chemical
and electroactive characteristics, their presence in the
sample matrix may create interference”.

Catechol is found at 0.2—0.3 mV, while phenol
is found at 0.7-0.8 mV. One way that catechols might
cause interference is by changing the potential
distribution at ion-selective electrodes, which are
meant to react solely to phenol. This is known as
catechol interference. The sensitivity and specificity
of the biosensor to phenol can also be decreased by
catechol by competing with phenol for binding sites
on enzymes or other active components®*2, These
influences may cause calibration shifts or erroneous
readings, resulting in an inaccurate measurement of

the phenol content. It can be verified that the biosensor
approach with consortium can detect phenol even in
the presence of catechol interference, given the data
that the amount of phenol current at a concentration of
134 mg/L is not affected by catechol as seen on Figure
7.

In Figure 7, the CV profiles show that the oxidation
peak typically associated with phenol, at
approximately +0.78 V, is not distinctly detected in the
presence of catechol. The overlapping redox signals of
phenol and catechol can explain this phenomenon.
Catechol, which is more electroactive and undergoes
reversible redox transformation at lower potentials
(typically between +0.2 and +0.4 V), exhibits a
dominant signal in the CV curve. Due to its higher
electrochemical reactivity and rapid electron transfer
kinetics, catechol likely masks or suppresses the
phenol oxidation signal, especially when present in
concentrations comparable to or higher than those of
phenol. Additionally, catechol's redox products, such
as o-quinone, may adsorb onto the electrode surface,
further hindering phenol oxidation by blocking active
sites®.

Bare SPCEOPOC

Phenol

.

Bare SPCE 27 P 0C
0.0004 4 Consortium SPCE 134 PO C
Consortium SPCE 134 P 27 C
Consortium SPCE 134 P54 C
0.0003 Consortium SPCE 134 P 81 C
— 0.0002 H
<
=
T 0.0001 -
g Cathecol
3
© 0.0000 - P
-0.0001 H
-0.0002

T .
0.0 0.5 1.0

Potential (mV)
Figure 7. Phenol concentration's effect on the Cathecol oxidation peaks detected by CV

A distinct reduction peak observed around —0.1
to —0.2 V in the CV curve corresponds to the
electrochemical reduction of o-benzoquinone back to
catechol. This confirms the reversible redox behavior
of catechol and the active participation of the
microbial consortium in facilitating electron transfer
during this redox cycling. Notably, despite the

presence of catechol, the current response at high
phenol concentrations (e.g., 134 mg/L) remains stable
and elevated. This suggests that the biosensor retains
its selectivity and can reliably detect phenol, even in
the presence of matrix interference. The results affirm
the robustness and electrochemical efficiency of the
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microbial consortium immobilized on SPCE for
phenol detection in complex mixtures®*.

4. CONCLUSIONS

The findings of this investigation benefited
from earlier studies on the use of a single microbial
biosensor for phenol detection. Using the consortium
biofilm immobilized on the SPCE surface, a phenol
biosensor has been successfully fabricated. The
linearity ranges from 27 to 37 mg/L, with an R? value
0f 0.98. The detection limits are at 13.62 mg/L, and the
average sensitivity is 1.30 pA/mg/L. Furthermore, the
PBS had a pH of 7.0.
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