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Abstract

Hexavalent chromium (Cr(VI)) is a high-priority environmental pollutant due to its strong
oxidizing properties, which cause DNA damage and other severe health effects. Conven-
tional detection methods are often costly and lack real-time monitoring capabilities, creating
a strong demand for cost-effective, real-time biosensors that meet industrial requirements.
In this study, we developed a novel biosensor for continuous Cr(VI) monitoring using
a single-chamber microbial fuel cell (MFC). The biological element is an engineered Es-
cherichia coli strain (ChrA-ChrB-E. coli), constructed by introducing Cr(VI)-resistant (ChrA)
and Cr(VI)-reducing (ChrB) genes. The presence of Cr(VI) affects bacterial metabolism
and electron transfer within the MFC, generating a measurable signal proportional to
the contaminant’s concentration. The biosensor demonstrated robust performance and
characteristics. The recombinant strain retained functional activity after 450 days of storage
at —20 °C. The system exhibited high sensitivity and excellent linearity (R? > 0.999) across
a broad Cr(VI) concentration range of 0.015-200 mg/L. During continuous monitoring of
chrome tanning and electroplating wastewater, measurements deviated by less than 2.33%
from the standard diphenylcarbazide (DPC) method; electroplating deviation was further
reduced to —0.69% with EDTA pretreatment. In fishery water, the deviation was higher
(=7.12%) due to dissolved oxygen (DO) interference but was reduced to —0.75% after
mechanical stirring to remove DO. The biofilm bacterial community remained highly stable
over six months in both wastewater types, with the inoculated ChrA-ChrB-E. coli strain main-
taining dominance (>99.6%). These results substantiate the feasibility of using this biosensor
for continuous, online, real-time detection of Cr(VI) in actual wastewater environments.

Keywords: actual wastewater; Cr(VI)-reducing gene; cryogenic temperature; Exiguobacterium
aestuarii; Ochrobactrum anthropi

1. Introduction

Hexavalent chromium (Cr(VI)) is extensively used in various industrial applications
and plays a crucial role in numerous manufacturing processes. Due to its strong oxidizing
properties, Cr(VI) can penetrate cellular membranes and, once inside the cell, is reduced to
trivalent chromium (Cr(III)). This reduction process generates free radicals and induces
oxidative stress, leading to DNA damage and mutations, protein denaturation, enzyme
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inactivation, and potentially triggering apoptosis [1]. Consequently, Cr(VI) exhibits carcino-
genic, mutagenic, and teratogenic effects. Chronic exposure to this compound has been
associated with serious health issues, including cancer, immune system dysfunction, and
allergic reactions. Given the substantial environmental and public health risks posed by
Cr(VI) contamination, it has been internationally recognized as a priority metal for remedi-
ation efforts [1,2]. This designation underscores the urgent need to develop and implement
effective strategies for the management, monitoring, and prevention of Cr(VI) pollution.

International standards governing permissible concentrations of Cr(VI) are quite
stringent. Typically, the maximum allowable levels of Cr(VI) are set at 0.05 mg/L for
natural water bodies, 0.5 mg/L for municipal wastewater, and 0.02-0.25 mg/L for industrial
effluents. To enable continuous monitoring of these trace amounts, the development
of rapid detection and analytical methodologies is essential. Conventional techniques
for Cr(VI) determination predominantly employ physical, chemical, or electrochemical
approaches, which offer high accuracy and sensitivity. However, these methods require
substantial initial investment, involve operational complexity, have limitations in real-time
monitoring capabilities, and provide insufficient data on bioavailability [3]. Therefore,
cost-effective, user-friendly biosensors capable of online monitoring are more suitable to
meet the demands of industrial applications.

Biosensors consist of two fundamental components. The first comprises biosensing
elements that are essential for detecting and analyzing metals. Metal regulator or sensor
proteins, particularly those from the SmtB/ArsR and MerR families, play a crucial role in
this process [4]. These proteins are highly versatile and can evolve to recognize a wide
range of metals, including Hg, As, Cu, Zn, Pb, and Cd [5-7]. The second component
involves signal output elements, which may include reporter genes or devices that generate
optical or electrochemical signals [8]. Commonly used reporter genes include lux, lacZ,
crtl, luc, and gfp [9,10]. For monitoring Cr(VI) levels in wastewater, electrochemical output
devices such as microbial fuel cells (MFCs) are particularly advantageous due to their
suitability for online, continuous, and on-site monitoring applications [11].

Previous biosensors for Cr(VI) often utilized bacteria capable of reducing Cr(VI) as
biosensing elements. These bacterial strains include Arthrobacter aurescens, Bacillus cereus,
Cellulomonas flavigena, Enterobacter sp., Exiguobacterium aurantiacum, Klebsiella sp., Micrococ-
cus sp., Ochrobactrum anthropi, Pseudomonas stutzeri, Rhodobacter sphaeroides, Streptomyces
griseus, and Serratia sp. [12,13]. The reduction of Cr(VI) by these strains is mediated by genes
such as ChrB, YieF, YhdA, or NfsA, facilitating detection through mechanisms involving
electron transport or changes in electrical potential [14].

MEFC-based biosensors have shown considerable promise for the real-time and contin-
uous monitoring of Cr(VI) concentrations in wastewater. Xu et al. (2015) developed a Cr(VI)
detection system employing a double-layer filter membrane, with the cathode coated in car-
bon ink and the anode coated in platinum carbon ink [15]. This configuration demonstrated
a distinct negative linear correlation between Cr(VI) concentration and voltage output
within the concentration range of 5-20 mg/L. Chung et al. (2016) employed a dual-chamber
MFC-based biosensor wherein the anode chamber was inoculated with sludge to facilitate
the oxidation of sodium acetate, while Cr(VI) served as the electron acceptor in the cathode
chamber, receiving electrons from the external circuit and undergoing chemical reduction
to Cr(III) [16]. Cr(VI) concentrations were determined in batch mode by monitoring voltage
fluctuations. The optimal cathode pH was identified as 2.0, enabling batch detection of
Cr(VI) concentrations between 0.1 and 15 mg/L. However, the use of mixed microbial con-
sortia introduced greater variability in the measured Cr(VI) values. Wang et al. (2016) also
implemented a dual-chamber MFC-based biosensor, inoculating the anode with O. anthropi
as the biosensing element and utilizing a phosphate-saline solution as the catholyte [11].
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In this system, O. anthropi concurrently oxidized organic substrates, releasing electrons,
and reduced Cr(VI) by accepting electrons. Elevated Cr(VI) concentrations in the aque-
ous phase corresponded to diminished electron transfer to the cathode via the external
circuit, resulting in reduced electrical charge generation. Batch analyses were conducted by
tracking voltage changes, revealing a strong negative linear relationship between voltage
output and Cr(VI) concentration across two ranges: 0.0125-0.3 mg/L and 0.3-5 mg/L.
Generally, the analytical error remained below 10% during batch analyses; however, it
increased substantially when samples contained high levels of organic matter. Wu et al.
(2017) employed a dual-chamber MFC-based biosensor with E. aestuarii inoculated as the
anodic biocatalyst [17]. This system exhibited robust adaptability to pH values ranging
from 5 to 9, salinity levels between 0 and 15 g/L, and temperatures from 20 to 35 °C. Voltage
output demonstrated a strong negative correlation with Cr(VI) concentrations spanning
2.5 to 60 mg/L, with a low analytical error (<6.1%), although the limit of detection (LOD)
was relatively high. Zhao et al. (2018) utilized a dual-chamber sediment MFC biosensor,
wherein native microbial communities in the anode functioned as biosensing elements and
the upper cathode chamber facilitated Cr(VI) reduction [18]. Under optimized conditions,
this system enabled batch analysis of trace Cr(VI) concentrations (0.2-0.7 mg/L) in water,
achieving an analytical error below 8%.

To enable continuous monitoring of Cr(VI) in water, Wu et al. (2019) developed a three-
stage, single-chamber MFC-based biosensor system, using E. aestuarii introduced into the
anode chamber as the biosensing element [19]. Their findings demonstrated that this system
could continuously detect Cr(VI) concentrations between 5 and 90 mg/L, with a liquid
retention time (LRT) of 2 min, an analytical error below 7%, and an LOD of 0.5 mg/L. This
research highlights the potential of this MFC for ongoing, broad-range Cr(VI) monitoring
in water or as an early warning device. Lazzarini Behrmann et al. (2020) employed a single-
chamber MFC-based system as the signal output platform, immobilizing Pseudomonas
veronii 2E in the anode as the biosensing element [20]. Their results showed that the system
could continuously measure Cr(VI) levels from 4 to 18.5 mg/L. However, they did not
evaluate how various environmental factors might affect its analytical performance, nor
did they test it with real Cr(VI)-containing wastewater. Chang et al. (2023) utilized a
computer numerical control-fabricated laminar-flow microfluidic MFC to detect Cr(VI)
in water, incorporating domesticated anaerobic sludge (mainly Geobacter spp.) as the
biosensing element [21]. The current output correlated strongly with Cr(VI) concentrations
in the ranges of 0.1-1 mg/L and 1-10 mg/L (R? > 0.97). Unfortunately, this system has
yet to be tested with actual industrial wastewater. To shorten the biosensor’s response
time, Liu et al. (2025) introduced the c¢-di-GMP gene module into Shewanella oneidensis
cells [22]. By exposing the cells to near-infrared light, they triggered the production of
c-di-GMP—a key regulator of biofilm formation—thereby accelerating biofilm growth and
enhancing sensitivity to Cr(VI). Their results showed that the batch sensing time of this
system could be significantly reduced from 30 min to 3 min. To broaden the detection
range and achieve an LOD of 0.02 mg/L for Cr(VI) in wastewater, Wang et al. (2025) used
recombinant E. coli (named ChrA-ChrB-E. coli), containing ChrA and ChrB gene plasmids,
as the biosensing element in a single-chamber MFC for continuous Cr(VI) monitoring [23].
This system demonstrated the ability to continuously detect Cr(VI) concentrations from
0.0075 to 200 mg/L under specific conditions.

In this study, a single-chamber MFC-based biosensor inoculated with ChrA-ChrB E. coli
is proposed for continuous online monitoring of Cr(VI) levels. From a practical perspec-
tive regarding the biosensing element, this research introduces several advancements. It
evaluates how different cryogenic storage temperatures and durations affect the detection
of Cr(VI), aiming to enable the future use of thawed biosensor elements directly, thereby
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minimizing the need for frequent preparation of fresh elements. Regarding the biosensor
system, it will be applied directly to detect Cr(VI) in various actual wastewater samples,
facilitating broader practical validation. The study also investigates how different water
quality conditions influence Cr(VI) detection, affect the long-term stability of bacterial
communities, and explores the potential of pretreatment methods to improve detection ac-
curacy. Finally, the analytical performance of the biosensor will be compared with existing
methods to assess its effectiveness.

2. Materials and Methods
2.1. Materials

The strains Ochrobactrum anthropi YC152 and Exiguobacterium aestuarii YC211 were
provided by Professor Chung’s laboratory at the China University of Science and Technol-
ogy [11,17]. E. coli BL21(DE3) was obtained from Novagen (Darmstadt, Germany). Unless
otherwise specified, all media, biochemical reagents, and chemical reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Biosensing Element

The protocols for culturing O. anthropi and E. aestuarii, as well as for chromosome
extraction and purification, were adapted from the procedures previously reported by
Wang et al. (2025) [23]. The construction of the recombinant E. coli biosensing element,
incorporating both the ChrA and ChrB genes, is briefly outlined below. Gene fragments cor-
responding to ChrA and ChrB gene fragments were amplified via polymerase chain reaction
(PCR) using the primers Ncol-ChrA-f, Xhol-ChrA-r, Ncol-ChrB-f, and NotI-ChrB-r. Following
amplification, the PCR products were digested with the restriction enzymes Ncol, Xhol,
and Notl, as described by He et al. (2018) [24]. The complete PCR protocol, recombinant
plasmid assembly, plasmid transformation into E. coli, and subsequent cultivation proce-
dures adhered to the methodologies outlined by Wang et al. (2025) [23]. The recombinant
plasmids harboring the ChrA and ChrB genes were designated pET21a-ChrA and pET28a-
ChrB, respectively (see Figure 1). Freshly prepared recombinant E. coli strains containing
both pET21a-ChrA and pET28a-ChrB were designated as the ChrA—ChB-E. coli biosensor.

To reduce the logistical challenges associated with the frequent preparation of fresh
biosensors, overnight cultures of the recombinant cells were mixed in equal volumes with
30% glycerol and stored at either —20 °C or —80 °C; these preparations were referred
to as frozen cells. The frozen cells were subsequently thawed after storage intervals of
90, 270, 450, and 630 days (hereafter referred to as thawed cells) and used as biosensing
elements. The procedures for immobilizing the biosensing elements within the MFC and
the operation of the single-chamber MFC-based biosensor are comprehensively described
in Section 2.3.

2.3. Construction of a Single-Chamber MFC-Based Biosensor

The biosensor apparatus is designed as a single-chamber system fabricated from
acrylic, featuring an internal cubic volume of 4 x 4 x 4 cm?® (see Figure 2). Centrally
located within the chamber is the anode, constructed from graphite felt with a surface
area of 18 cm?, which serves as the material for immobilizing the biosensing element.
The air cathode consists of a tri-layer configuration comprising a catalyst layer, a micro
porous layer, and a gas diffusion layer, prepared according to protocols established in prior
studies [25]. These layers collectively function to prevent liquid leakage, enhance electrical
conductivity, provide corrosion resistance, facilitate exposure to ambient air, and receive
electrons from the external circuit. Positioned above the device is an inlet pipe that permits
the introduction of wastewater and inoculum, as well as facilitates water quality assessment.
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Conversely, an outlet pipe located beneath the device allows for effluent discharge and
subsequent analysis of water quality and bacterial populations. To mitigate environmental
interferences, a buffer tank was installed upstream of the biosensor. Pretreatment of the
influent water was conducted as necessary, including adjustments to pH (5-8), temperature
(2545 °C), chemical amendments, and flow rate modulation, following guidelines from
previous research [23]. Wastewater was subsequently delivered to the biosensor at a
controlled flow rate via a peristaltic pump. Electrochemical parameters of the biosensor
were continuously monitored using a Model 2700 multimeter (Keithley Instruments, Solon,
OH, USA). The immobilization of the ChrA-ChrB-E. coli biosensing element onto the anode
was performed according to the methodology described by Wang et al. (2025) [23].
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Figure 1. Schematic linear maps of the plasmids used in this study.

2.4. Effects of Cryogenic Temperature and Storage Duration on the Continuous Monitoring of
Cr(V1) in Artificial Wastewater

To evaluate the practicality of using thawed cells as biosensing elements, we prepared
artificial wastewater consisting of Tris-buffered mineral salts medium (TMM) supplemented
with 30 mg/L acetic acid and Cr(VI) at concentrations of either 5 mg/L or 50 mg/L. This
solution was continuously introduced into a single-chamber MFC-based biosensor for 1 h,
maintaining an operating temperature of 35 °C, an external resistance of 800 (), and an
LRT of 2 min. Here, LRT refers to the average duration a liquid molecule remains within
the system, calculated by dividing the liquid volume by the flow rate. These settings
correspond to the optimal conditions determined in our previous research [23]. Using the
voltage output versus Cr(VI) concentration calibration curve derived from freshly prepared
cells as the biosensing reference, we measured the Cr(VI) concentration, calculated the
mean and deviation, and assessed deviations relative to the initial time point (freshly
prepared cells).
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Figure 2. Schematic diagram of a single-chamber MFC-based biosensor. The mechanism for detecting
Cr* using the biosensor inoculated with ChrA—~ChB-E. coli is as follows: Wastewater containing
organic compounds and Cr%* enters the anode chamber, where the ChrA-ChB-E. coli strain oxidizes
the organic matter, generating electrons. These electrons move through an external circuit to the
air cathode, where they react with O,, producing a voltage output. Because Cr®* is present in the
wastewater, ChrA-ChB-E. coli also utilizes electrons derived from the oxidation of organic matter to
reduce Cr®* to Cr3*. This reduction decreases the number of electrons reaching the cathode, causing
a drop in voltage output. Additionally, the voltage output shows a linear negative correlation with
the inlet concentration of Cr®*.

After determining the optimal cryogenic temperature and storage duration, we re-
established calibration curves for the biosensors using thawed cells to ensure precise
analytical measurements under these optimal conditions. The procedure for generating
these curves is summarized as follows. The operating parameters remained consistent with
those previously described; however, the Cr(VI) concentration in the artificial wastewater
introduced into the biosensor varied sequentially from 0.0075 to 200 mg/L, increasing
stepwise from low to high concentrations. Each concentration batch was applied for at
least 30 min before switching. For low Cr(VI) levels (<0.5 mg/L), voltage readings were
taken after 20 s; for concentrations between 0.5 and 50 mg/L, after 75 s; for 50 to 100 mg/L,
after 2 min; and for 100 to 200 mg/L, after 4 min [23]. To determine the LOD concentration,
we first calculated the standard deviation (SD) of the voltage readings from three blank
samples. We then multiplied this SD by three and used the calibration curve to calculate
the corresponding LOD concentration.

2.5. Measurement of Cr(VI) in Actual Water Samples

Wastewater containing high concentrations of Cr(VI) primarily originates from elec-
troplating and leather processing industries. In this investigation, wastewater samples
were collected from an electroplating facility in Changhua, Taiwan. The experimental setup
consisted of two groups: one subjected to pretreatment with 2 x 107> M EDTA and the
other without any pretreatment. In both groups, Cr(VI) concentrations were continuously
monitored over a 60 min period with a 2 min LRT, and samples were collected every 20 min
for batch colorimetric analysis of Cr(VI).

Additionally, process wastewater from a leather manufacturing plant in Pingtung,
Taiwan, was examined. This included tanning wastewater, chrome tanning rinse water,
coloring and fatliquoring effluents, and finishing wastewater. Continuous short-term
monitoring of Cr(VI) concentrations was conducted for 5 min with a 2 min LRT, and the
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mean values were recorded. Batch colorimetric assays were also performed on collected
samples to evaluate the influence of biochemical oxygen demand (BOD) on Cr(VI) detection.
Furthermore, the tanning wastewater, which exhibited the highest Cr(VI) concentration
among the samples, was continuously monitored for 60 min with a 2 min LRT, and samples
were taken every 20 min for batch colorimetric determination.

To assess the broader applicability of the single-chamber MFC-based biosensor for
continuous Cr(VI) analysis across diverse water matrices, five additional water sources
were investigated: fishery water from Tainan County, domestic sewage from New Taipei
City, polluted river water from Hsinchu County, chemical plant wastewater from Changhua
County, and contaminated groundwater from Hsinchu County, all located in Taiwan. The
procedure involved continuous Cr(VI) monitoring for 5 min with a 2 min LRT, followed
by averaging the results. Batch colorimetric measurements were also performed on these
samples. To mitigate interference from elevated dissolved oxygen (DO) levels, fishery
water was pretreated using a submersible mixer MR21NF250 (Tsurumi Manufacturing Co.,
Ltd., Osaka, Japan) operating at 50 rpm. Furthermore, to validate the efficacy of mechanical
stirring in facilitating oxygen removal, Cr(VI) concentrations in the fishery water were
continuously monitored over a 60 min period with a 2 min LRT. Samples were also collected
at 20 min intervals for batch colorimetric analysis.

2.6. Investigation of the Bacterial Community

Wastewater from electroplating and tanning facilities was continuously and separately
introduced into five identically configured biosensors (five replicates), each operating at
a resistance of 800 (2 with a 2 min LRT. Samples of the anode biofilm or effluent were
collected after one hour and six months of operation for subsequent next-generation
sequencing (NGS) analysis to characterize the bacterial community structure and evaluate
the prevalence and dynamics of the inoculated bacterial strains. DNA extraction from the
collected biofilm or effluent bacteria was performed using the Fast DNA Spin Kit (MP
Biomedicals, Santa Ana, CA, USA). The V3-V4 hypervariable region of the eubacterial 16S
ribosomal RNA gene was amplified via PCR following a previously established protocol,
followed by product purification and preprocessing [17]. The 165 rRNA gene sequence data
were then analyzed using QIIME 2 software. Operational taxonomic unit (OTU) clustering
was performed using the UCLUST method with a 97% similarity threshold. The RDP
classifier was employed to classify and identify representative sequences [19].

2.7. Analysis

DO and pH levels were measured using a portable multiparameter device (WTW,
Weinheim, Germany). The BOD5 was determined according to the standard BOD method
5210 B, as outlined by the United States Environmental Protection Agency [26]. Cr(VI)
concentrations were measured using the colorimetric 1,5-diphenylcarbazide (DPC) assay,
following the procedure described by Lace et al. (2019) [27].

2.8. Statistical Analysis

The data in this study were subjected to one-way analysis of variance (ANOVA),
followed by Duncan’s multiple range test for post hoc comparisons. Results are presented
as mean =+ standard deviation (SD), based on a minimum of three replicates. Statistical
significance was defined as a p-value less than 0.05. All statistical analyses were conducted
using IBM SPSS software, version 28 (IBM, Armonk, NY, USA).
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3. Results and Discussion

3.1. Effects of Cryogenic Temperature and Storage Duration on the Continuous Monitoring of
Cr(VI) in Artificial Wastewater

The calibration curves for Cr(VI) concentration versus voltage response of the single-
chamber MFC-based biosensor inoculated with freshly prepared biosensing elements
are described by the equations y = —8.9158x + 490.84 within the concentration range of
0.0075-0.5 mg/L and y = —0.4062x + 486.76 for the range of 0.5-200 mg/L [23]. As shownin
Figure 3A, both precision, expressed as standard deviation (SD), and accuracy, indicated by
relative error (RE), of the biosensor using thawed ChrA-ChB-E. coli cells stored at —80 °C as
the biosensing element decrease with increasing storage duration during Cr(VI) detection.
Specifically, at a Cr(VI) concentration of 5 mg/L, accuracy declined to 98.2% + 0.18% after
450 days of storage and further decreased to 92.4% =+ 0.32% after 630 days. Notably, only
thawed cells stored for 270 days or less exhibited activity statistically comparable to freshly
prepared cells (p > 0.05). For detecting 50 mg/L Cr(VI), accuracy reduced to 98.6% =+ 0.25%,
while precision deteriorated, as evidenced by an increased SD of 0.1263 after 630 days of
storage, indicating substantial variability in measurements. Cells thawed after storage
periods of 450 days or less maintained activity levels not significantly different from freshly
prepared cells (p > 0.05).
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Figure 3. Effects of cryogenic temperature and storage duration on the continuous monitoring of
Cr(VI) in artificial wastewater. The biosensing element was stored at (A) —80 °C and (B) —20 °C. Data
are expressed as the means and standard deviations of three independent experiments. * indicates a
statistically significant difference compared to the results at t = 0 (p <0.05). NS indicates statistical
non-significance compared to the results at t = 0 (p >0.05).

Figure 3B illustrates that the precision and accuracy of the single-chamber MFC-based
biosensor using thawed ChrA-ChB-E. coli cells stored at —20 °C as the biosensing element,
decline with prolonged storage duration. However, this reduction is less pronounced
compared to that observed under —80 °C cryogenic conditions, indicating that storage at
—20 °C better preserves the activity of frozen cells [28]. This difference may be attributed
to DNA damage caused by freeze—thaw stress [29] or to cell inactivation and membrane
damage induced by extremely low temperatures, which can lead to cell death [30]. Specifi-
cally, the biosensor’s accuracy in detecting 5 mg/L Cr(VI) decreased to 96.4% when using
thawed ChrA—ChB-E. coli cells stored for 630 days. In contrast, cells stored for 450 days or
less retained activity comparable to freshly prepared cells (99.2% =+ 0.47%, p > 0.05). For
the detection of 50 mg/L Cr(VI), the biosensor’s accuracy using thawed cells stored for
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630 days remained high at 99.08% =+ 0.91%, with no statistically significant difference from
freshly prepared cells (p > 0.05).

These findings suggest that cells stored at —20 °C for up to 450 days retain their original
activity after thawing and can be effectively used as biosensing elements. This capability
reduces the technical challenges associated with production and minimizes the need for
frequent preparation of fresh biosensing elements, which is critically important for practical
applications and industrial scalability. Wang et al. (2021) reported that recombinant
E. coli strains, regardless of the promoter gene used, containing the ChrB gene as the
chromate-sensing regulator and the [uxAB gene as the reporter, maintained activity for
only 90 days when stored at —80 °C [31]. In contrast, Wang et al. (2023) demonstrated that
recombinant SP6-lux-E. coli, incorporating the SP6 promoter, ChrB biosensing element, and
luxAB reporter gene, exhibited no significant loss of activity compared to freshly prepared
cells after 270 days of storage at —20 °C [28]. Collectively, these results indicate that the shelf
life of biosensors depends on multiple factors, including cryogenic temperature, storage
duration, composition of the biosensing element, and the nature of the output element.

The activity of thawed cells stored at —20 °C for 450 days exhibited minimal changes
in their ability to detect Cr(VI) concentrations at 5 mg/L and 50 mg/L compared to freshly
prepared cells. However, subtle biochemical responses may vary across different Cr(VI) con-
centrations. Consequently, a calibration curve correlating Cr(VI) concentration with voltage
output was re-established for a single-chamber MFC-based biosensor using these thawed
cells as the biosensing element. Within the Cr(VI) concentration range of 0.0075-200 mg/L,
the calibration curve was described by the equation y = —0.4011x + 486.13, with an R?
of 0.9872. This curve is suitable for general concentration analysis but lacks sufficient
sensitivity at lower concentrations. Moreover, as illustrated in Figure 4A, the calibration
curve can be divided into three distinct linear regions. Stepwise regression analysis re-
vealed strong linear correlations between Cr(VI) concentrations and biosensor voltage
output within the ranges of 0.015-1 mg/L, 1-50 mg/L, and 50-200 mg/L, each exhibiting
R? values exceeding 0.999. The corresponding linear equations for these intervals were
y = —10.064x + 490.88, y = —0.2999x + 481.11, and y = —0.4037x + 486.66, respectively
(Figure 4B-D). These calibration models will be employed for continuous monitoring of
Cr(VI) concentrations in actual wastewater samples to evaluate their practical applicability.
Although the LOD for Cr(VI) using thawed bacterial cells increased from 0.0075 mg/L to
0.015 mg/L, the measurement accuracy was substantially improved. Notably, this LOD
of 0.015 mg/L falls below the maximum allowable levels for surface water (0.05 mg/L)
and current regulatory standards for wastewater discharge (0.02-0.25 mg/L). Compared to
MEC biosensors utilizing E. aestuarii (LOD of 0.5 mg/L) [19], Pseudomonas veronii 2E (LOD
of 4 mg/L) [20], and Geobacter spp. (LOD of 0.1 mg/L) [21] as biosensing elements, the
present biosensor incorporating thawed ChA-ChB-E. coli cells demonstrates a competitive
advantage in detection sensitivity.

3.2. Analysis of Actual Wastewater
3.2.1. Efficacy of Cr(VI) Detection Methods

In a previous study, we demonstrated the feasibility of using a single-chamber MFC-
based biosensor to detect Cr(VI) in artificial wastewater [23]. However, certain variables
inherent to actual wastewater matrices were not examined. For Cr(VI)-containing wastew-
ater, critical water quality parameters include DO, BOD, and the presence of coexisting
cations. Accordingly, the present study extends the application of this biosensor to monitor
Cr(VI) concentrations in actual wastewater samples, aiming to assess its accuracy under di-
verse water quality conditions and to propose pretreatment protocols for samples that yield
inaccurate results. Figure 5 presents continuous monitoring results of Cr(VI) in wastew-
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ater from an electroplating facility using the single-chamber MFC-based biosensor. A
distinctive characteristic of electroplating plant wastewater is its elevated concentration of
metal ions, which may interfere with biosensor performance. To mitigate such interference,
comparative analyses were conducted following sample pretreatment with EDTA. Using
the MFC-based biosensor for continuous Cr(VI) detection, measured concentrations ranged
from 150.7 & 2.4 mg/L to 193.6 & 2.2 mg/L, exhibiting relative errors between —1.49% and
—2.33% compared to values obtained via the standard colorimetric method, indicating a
slight negative bias. After pretreatment, the relative error was reduced to between —0.43%
and —0.69%, differences that were not statistically significant compared to the standard
colorimetric method (p > 0.05). Additionally, the relative standard deviation (RSD) for the
biosensor ranged from 0.73% to 1.24%. This level of accuracy surpasses that observed in our
previous system when analyzing artificial wastewater containing 150 mg/L Cr(VI) using
freshly prepared ChrA-ChB-E. coli biosensors without pretreatment [23]. Furthermore, the
error margin is smaller than that reported for dual-chamber MFCs employing E. aestuarii as
the biosensing element, which ranged from —6.1% to 2.2% [17]. Wang et al. (2023) utilized
dilution techniques to alleviate conductivity-related interference in Cr(VI) analysis, thereby
enhancing the accuracy of batch analyses using the SP6-lux-E. coli biosensor; however, this
approach is unsuitable for detecting low Cr(VI) concentrations [28].

Table 1 summarizes the mean values obtained from a 5 min continuous analysis of
leather manufacturing wastewater using a single-chamber MFC-based biosensor, alongside
batch analysis results derived from a colorimetric method. The wastewater samples origi-
nate from four distinct effluent units within the leather production process: tanning effluent
(Unit A), chrome tanning rinse water (Unit B), coloring and fatliquoring effluents (Unit C),
and finishing wastewater (Unit D). While these effluents exhibit comparable DO levels, their
BOD contents vary. The results demonstrate that the system accurately quantifies Cr(VI)
concentrations across the different effluent units, with relative errors ranging from —0.83%
to 0.98% compared to measurements obtained via the standard colorimetric batch method.
Furthermore, a strong positive correlation was observed between the continuous biosensor
measurements and the batch colorimetric results (y = 1.0073x — 0.0657, R2=1), thereby
validating the potential of this biosensor approach as a viable alternative for continuous
monitoring of Cr(VI) in wastewater.

Following the initial validation of the biosensor’s fundamental performance in detect-
ing Cr(VI) across various leather manufacturing wastewater samples, tanning wastewater
(unit A) was selected as the target matrix for extended, continuous monitoring of Cr(VI)
levels. Figure 6 presents the results of a one-hour continuous measurement of Cr(VI)
concentration in tanning wastewater using the single-chamber MFC-based biosensor, con-
ducted without any sample pretreatment. The Cr(VI) concentration in tanning wastewater
measured by the biosensor ranged from 59.74 4+ 2.58 mg/L to 70.56 + 2.31 mg/L, ex-
hibiting relative errors between 0.49% and 0.62% compared to concentrations obtained
via the colorimetric method with batch sampling at 20 min intervals. Statistical analy-
sis revealed no significant difference between the two measurement methods (p > 0.05).
Furthermore, the RSD of the Cr(VI) concentrations measured by the biosensor in tanning
wastewater ranged from 1.16% to 1.32%. Notably, the observed relative error is substan-
tially lower than that reported for measurements using a three-stage single-chamber MFC
biosensor inoculated with E. aestuarii under comparable water quality conditions, which
ranged from 1.9% to 6.2% [19]. These findings substantiate the capability of the single-
chamber MFC-based biosensor to provide continuous, real-time, and precise monitoring of
Cr(VI) concentrations.
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Figure 4. Relationship between Cr(VI) concentration and the voltage output of the single-
chamber MFC-based biosensor during continuous operation: Cr(VI) concentration ranges
(A) 0.0075-200 mg/L; (B) 0.015-1 mg/L; (C) 1-50 mg/L; (D) 50-200 mg/L. Operational temper-
ature: 35 °C; external resistance: 800 (3; LRT: 2 min. Data are expressed as the means and standard
deviations of five independent experiments.

Table 1. Cr(VI) concentrations in leather manufacturing wastewater measured using a single-chamber
MFC-based biosensor in continuous mode and a colorimetric method in batch mode.

Unit
A B C D
BOD (mg/L) 195 + 23 * 32+6 64 + 13 15£2
DO (mg/L) 2.31 +0.22 2.63 + 0.31 1.82 £0.15 2.87 +£0.24

Cr(VI) conc. by
colorimetric method

Cr(VD) conc. by MFC () o0 | 504 1861 +£131  9.54 + 1.01 517 + 0.92
biosensor

Deviation (%) 0.64 0.38 —0.83 0.98

* Data are expressed as the means and standard deviations of five independent experiments.

64.12 +£1.95 18.54 £ 1.02 9.62 + 0.85 5.12 +0.84
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Figure 5. Measurement of Cr(VI) concentrations in electroplating wastewater using a single-chamber
MEFC-based biosensor, both with and without pretreatment (EDTA addition), during continuous
operation. The values obtained through the colorimetric method in batch mode were considered the
true measurements. Data are expressed as the means of three independent experiments.
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Figure 6. Measurement of Cr(VI) concentrations in tanning wastewater using a single-chamber
MFC-based biosensor during continuous operation. The values obtained through the colorimetric
method in batch mode were considered the true measurements. Data are expressed as the means of
three independent experiments.

In addition to examining electroplating and leather manufacturing wastewaters—two
prototypical sources of Cr(VI)-contaminated effluents—this study also assessed various
other water samples potentially containing Cr(VI) to evaluate the applicability of contin-
uous Cr(VI) monitoring across diverse environmental matrices. Table 2 shows that the
relative errors between Cr(VI) concentrations obtained from a 5 min continuous analysis
using the single-chamber MFC-based biosensor and those obtained from batch analysis

https:/ /doi.org/10.3390/bios16020130


https://doi.org/10.3390/bios16020130

Biosensors 2026, 16, 130

13 of 20

via the colorimetric method ranged from —7.12% to 0.85%. The highest relative error was
observed in fisheries water; excluding this sample, the analytical errors for other samples
remained within £1.52%. Further investigation identified that DO as the primary factor
influencing analytical accuracy, given that the anaerobic environment within the MFC
anode chamber enhances voltage generation [32]. The Cr(VI) concentration measured by
the MFC exhibited a strong dependence on this voltage output. Notably, pretreatment
of fisheries water through mechanical agitation to remove oxygen reduced the analytical
error from —7.12% to —0.75%. While degassing all water samples did not markedly af-
fect measurement errors in most cases, it substantially improved analytical precision for
fisheries water. Moreover, the Cr(VI) concentrations obtained via continuous and batch
methods demonstrated a robust positive correlation. Following degassing, the coefficient
of determination (R?) for the regression analysis increased from 0.9983 to 0.9999, indicating
enhanced agreement between the two measurement approaches.

Table 2. Cr(VI) concentrations in actual water samples measured using a single-chamber MFC-based
biosensor in continuous mode and a colorimetric method in batch mode.

Fisheries Domestic River Chemical Industrial Ground
Water Effluents Water Wastewater Water
BOD (mg/L) 92 4+ 12% 21+5 1142 36 + 4 8+ 1
DO (mg/L) 5.32 + 0.47 423+ 0.25 453 +0.18 3.26 + 0.25 2.68 + 0.21
Cr(VI) conc. by 2.67 +0.28 1.18 + 0.05 0.0462 & 0.011 0.574 + 0.009 0.814 + 0.015
colorimetric method
Cr(VI) conc. by 248 + 031 1.19 + 0.07 0.0455 + 0.008 0.571 + 0.012 0.802 4 0.017
MEC biosensor
Deviation (%) 712 0.85 152 —0.52 147

* Data are expressed as the means and standard deviations of five independent experiments.

To evaluate the effectiveness of mechanical agitation in detecting Cr(VI) concentra-
tions in fisheries water, we continuously monitored Cr(VI) levels using our system while
simultaneously conducting colorimetric tests by sampling every 20 min. As shown in
Figure 7, the Cr(VI) concentration measured by the single-chamber MFC-based biosensor
ranged from 2.51 4 0.28 mg/L to 3.04 & 0.33 mg/L. Following mechanical agitation, the
measured Cr(VI) concentrations improved and closely matched those obtained through
batch colorimetric analysis. For example, the initial relative errors for samples taken at
20, 40, and 60 min were —5.82%, —6.41%, and —7.87%, respectively; however, these errors
significantly decreased to —0.34%, —0.36%, and —0.33%. The differences between the
two measurement methods were no longer statistically significant (p > 0.05). Moreover,
the biosensor’s RSD ranged from 0.28% to 0.56%. These low RSD values for the single-
chamber MFC-based biosensor indicate operational stability. Additionally, this confirms
that mechanical agitation is effective for treating wastewater with high DO levels, such
as fisheries water. In our setup, we installed a wastewater storage tank upstream of the
monitoring system, equipped with a submersible mixer that reduces DO by gently stirring
the wastewater at a low speed (e.g., 50 rpm). These results demonstrate much smaller errors
(ranging from —13% to 2.3%) compared to a dual-chamber MFC biosensor using O. anthropi
for Cr(VI) detection in domestic wastewater and groundwater [11]. They also show notably
lower deviations (—1.7% to 18.4%) than the T7-lux-E. coli biosensor applied to domestic
wastewater and river water [28]. Furthermore, these deviations are less than those observed
with the SP6-lux-E. coli biosensor, which uses bioluminescence as the detection signal in
batch analyses of Cr(VI) in fisheries water, domestic wastewater, and groundwater [28].
Compared to continuous analysis results from this system, these findings highlight a clear
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competitive advantage. Table 3 presents a comparative analysis of different biosensors
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Figure 7. Measurement of Cr(VI) concentrations in fisheries water using a single-chamber MFC-
based biosensor, with and without pretreatment (mechanical stirring), during continuous operation.
The values obtained through the colorimetric method in batch mode were considered to the true

measurements. Data are expressed as the means of three independent experiments.

Table 3. Comparative analysis of different biosensors used for Cr(VI) detection.

Biosensor Detection Range  Response Time LOD Analytical Operating References
(mg/L) (min) (mg/L) Error (%) Mode
Dual-chamber MFC
inoculated with 0.0125-5 45 0.0125 <10 batch [11]
O. anthropi
Flat microliter continuous
membrane-based MFC 5-20 6-180 o - flow [15]
Dual-chamber MFC
inoculated with sludge 0.1-15 15-20 o - batch 16l
Dual-chamber MFC
inoculated with 2.5-60 15-30 2.5 <6.1 batch [17]
E. aestuarii
Dual-chamber MFC
inoculated with 0.2-0.7 18.3 0.2 <8 batch [18]
native microbes
Three-stage 5-90 3.3-6.6 o <7 continuous [19]
single-chamber MFC R flow
Single-chamber MFC
inoculated with 4-18.5 20-30 24 — batch [20]
P. veronii
Microfluidic MFC 0.1-10 — 0.1 — batch [21]
MEC inocqlatetjl with 1-5 3 o _ batch [22]
S. oneidensis
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Table 3. Cont.
. Detection Range  Response Time LOD Analytical Operating
Biosensor (mg/L) (min) (mg/L) Error (%) Mode References
Recombinant lux E. coli
T7-biosensor 0.0005-0.5 90 0.0005 <8
T3-biosensor 0.001-0.5 60 0.001 <l14.6 batch [30]
SP6-biosensor 0.005-0.5 30 0.005 <184
Single-chamber MFC contintous
inoculated with 0.015-200 0.33-4 0.015 <1 Aow This study

ChrA-ChrB-E. coli

3.2.2. Bacterial Community Profiling

A major concern when treating actual wastewater is that the diverse bacterial com-
munities present may replace the original bacteria in the biosensor, leading to a loss of the
system’s initial performance. Several factors influence the distribution of bacterial commu-
nities in the biosensor, including the quality of the incoming water, the competitive ability
of wastewater strains to attach to the anode, their adaptability within the biosystem, inter-
actions of competition and coexistence among bacteria, and the dominance of the originally
inoculated species in the system [33]. Testing each of these factors separately is practically
challenging. Therefore, a more feasible approach is to study changes in the biofilm bacterial
community and the bacterial composition in the effluent by introducing actual wastewater.
Figure 8A shows the bacterial communities on the anode biofilm and in the MFC effluent af-
ter one hour and six months of continuous exposure to electroplating wastewater. Figure 8B
presents similar data for tanning wastewater. In Figure 8A, at the start (one hour), the MFC
effluent contained at least eight bacterial species, with Exiguobacterium and Shewanella being
the most abundant, accounting for 64.28% and 15.86%, respectively. Other species such
as Bacillus, Lysinibacillus, Geothrix, Acinetobacter, and Escherichia each accounted for less
than 5.5%. At this point, only the originally inoculated strain (Escherichia) was found on
the MFC anode biofilm. After six months of continuous operation, the effluent’s bacterial
community remained similar, with Exiguobacterium and Shewanella still dominant at 57.52%
and 16.15%, respectively. However, the proportion of minor bacteria increased from 0.54%
to 4.61%, indicating a more complex bacterial community in the effluent. Three bacterial
genera appeared on the anode biofilm, but the originally inoculated strain remained over-
whelmingly dominant at 99.84%. The bacterial strains found in electroplating wastewater
were mainly chromate-reducing bacteria (Exiguobacterium, Bacillus, Lysinibacillus, Acineto-
bacter) [19,34-36] and metal-reducing bacteria (Shewanella, Geothrix) [37,38]. This bacterial
community structure aligns with previous reports on electroplating wastewater [39]. Simi-
lar findings were observed in a dual-chamber MFC system inoculated with E. aestuarii as
the biosensing element after continuous treatment of electroplating wastewater. In that
system, the inoculated strains remained the most dominant in the biofilm, accounting for
95.3% of all bacterial sequences, with chromate-reducing and metal-reducing bacteria being
the primary dominant strains [17].

https://doi.org/10.3390 /bios16020130


https://doi.org/10.3390/bios16020130

Biosensors 2026, 16, 130 16 of 20

120% .o . . C
® [ Escherichia ® Bacillus © Acinetobacter Lysinibacillus )
- WShewanella Exiguobacterium  Geothrix W others
100% | ———369% — "
I v 0.15% -
~ i - 0.54% 4.61% ~ \
e - \-2.57%
< 80% |
] L
(%]
£ L
2 I 64.28% 57.52%
5 60% [
< L
@ - 100.0% 99.84%
S 40% 5560
L r~ 15.86%
£ g
I - 521% :
20% - / - 274% g 4.52%
L 4.71% —~ 1
I / ~5.32% s
E e 7.41% - 281%
0% 1 1 4 1 J
Effluents Anode biofilm Effluents Anode biofilm
Operation for one hour Operation for six months
120% Escherichia W Bacillus u Acinetobacter Lysinibacillus
J B)
- ®Shewanella u Exiguobacterium  Geothrix u Pseudomonas
m Enterococcus u Trichococcus m Flavobacterium W Bacteroidetes
- ® Desulfovibrio Ideonella W others
100% B _* 3.62% 5.21% —- -7
- T _ 015%
- 13.74% 4.62% -391%
S 80% | - 10.81% ha \
] F p 0,
2 - 1027% 8.43% S
]
-] r - 7.42%
S 60% [397% ’ 4.12% — Sl
= L
<
@ 12.78% - 12.37% 100.0% 99.61%
=] - AN 3.64% ~ @ o,
X 0% | - 11.24% 10,05% 11.32%
v ° \ r6.92%
& - - 5.78% [ 2=
| 3.54%
~3.47% |
0% " a 6.59%
- - 0,
°T 2% - 11.23%
- 13.45%
2.87% o
O% / 1 1 1 J
Effluents Anode biofilm Effluents Anode biofilm
Operation for one hour Operation for six months

Figure 8. Relative abundances of the bacterial genera in the anode biofilm and MFC effluent after
one hour and six months of continuous exposure to (A) electroplating wastewater and (B) tanning
wastewater. Data are expressed as the means of five independent experiments.

Figure 8B illustrates that at the start of the operation (after one hour), the MFC ef-
fluent contained at least 15 bacterial species. The most prevalent were Bacillus (13.45%),
Pseudomonas (12.37%), Exiguobacterium (11.24%), Bacteroidetes (10.81%), and Flavobacterium
(10.27%). Other species each accounted for less than 7.5%, including Enterococcus, Shewanella,
Acinetobacter, Trichococcus, Desulfovibrio, Lysinibacillus, Escherichia, Ideonella, and Geothrix. At
this point, only the originally inoculated bacterium (Escherichia) was found on the MFC an-
ode biofilm. After six months of continuous MFC operation, the bacterial community in the

https://doi.org/10.3390 /bios16020130


https://doi.org/10.3390/bios16020130

Biosensors 2026, 16, 130

17 of 20

effluent remained largely unchanged, with the five dominant genera—Bacillus, Pseudomonas,
Exiguobacterium, Bacteroidetes, and Flavobacterium—still accounting for 10.05% to 13.15%.
Other bacteria showed a slight increase to 5.21%, suggesting that the system did not retain
microorganisms within the biofilm. Three genera appeared on the MFC anode biofilm, but
the originally inoculated bacterium (Escherichia) remained overwhelmingly dominant at
99.61%. The bacterial strains identified in tanning wastewater primarily include chromate-
reducing bacteria such as Bacillus, Pseudomonas, Exiguobacterium, Enterococcus, Acinetobacter,
Desulfovibrio, and Lysinibacillus [12,19,35,36,40-42]; metal-reducing bacteria like Shewanella
and Geothrix [37,38]; and bacteria involved in degrading persistent organic compounds,
including Bacteroidetes, Flavobacterium, Trichococcus, and Ideonella [43-46]. This dominant
bacterial community closely matches those previously reported in tannery wastewater [47].
Comparable findings were observed in a three-stage single-chamber MFC system using
E. aestuarii as the biosensing element during continuous treatment of leather process-
ing effluents, where the inoculated strains remained the most prevalent in the biofilm
(92.54-97.50%) [19]. Tannery wastewater contains higher organic content than electroplat-
ing wastewater, leading to a more complex bacterial community. Nevertheless, in this
system, the biofilm bacterial community serving as the biosensing element remained sta-
ble and uniform in both electroplating and tannery wastewater throughout continuous
monitoring. This stability likely underpins the system’s ability to provide accurate, ongo-
ing monitoring of Cr(VI) concentrations in water. Consequently, the system can operate
effectively in actual wastewater environments for at least six months of continuous use.

4. Conclusions

This study systematically evaluated an MFC-based biosensor utilizing ChrA—ChB-E.
coli as the biosensing element for continuous detection of Cr(VI) in actual wastewater
samples. It also investigated the effects of cryogenic storage temperature and duration
on the biosensor’s activity. The findings revealed that bacterial cells stored at —20 °C for
up to 450 days retained strong activity after thawing, reducing the technical challenges in
biosensor production and minimizing the need for frequent preparation of fresh biosensing
elements. These results have significant practical and industrial implications. During
continuous monitoring of actual wastewater, the single-chamber MFC-based biosensor
accurately measured Cr(VI) levels in electroplating and leather processing effluents, ex-
hibiting minimal deviation from standard colorimetric methods. Pretreatment of samples
with EDTA or application of mechanical stirring further enhanced measurement accuracy,
suggesting that the biosensor could potentially replace traditional batch colorimetric as-
says. Furthermore, the system offers a broad detection range for Cr(VI), with a LOD of
0.015 mg/L, complying with current wastewater discharge regulations and outperforming
many existing biosensors. Analysis of the bacterial community demonstrated that over
long-term continuous operation—regardless of whether electroplating or leather wastewa-
ter was monitored—the initially inoculated E. coli remained the dominant species in the
MEFC anode biofilm. Although the wastewater contained diverse microbial populations,
this did not disrupt the stability of the biofilm community, ensuring consistent and reliable
long-term monitoring. In conclusion, this single-chamber MFC-based biosensor provides
continuous, real-time, and precise monitoring, adapts well to various wastewater types,
and shows strong potential as an efficient and scalable solution for detecting Cr(VI) in
industrial wastewater.
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