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In order to improve the practicality of the rapid biochemical oxygen demand (BOD) method, a highly sensitive rapid detection
method for BOD that is based on establishing the correlation between current and dissolved oxygen (DO) was developed. In
this experiment, Bacillus subtilis was used as the test microorganism, and the embedding method was used to achieve
quantitative fixation of microorganisms, which could increase the content of microorganisms and prolong the service life of the
biological element. The conductivity (COND) probe is used as a sensing element, so that the testing value can be read every
second. In the program, the moving average method is used to process the collected data so that the value can be read every
minute. National standard samples were detected to test the accuracy and stability of the method. The results showed that
relative error and analytical standard deviations were less than 5%. Different polluted water was tested to evaluate its application
range. The results showed that relative error was less than 5%. The results of the method are consistent with the results of the
wastewater sample obtained by the BOD; standard method. The proposed rapid BOD current sensing biosensor method should

be promising in practical application of wastewater monitoring.

1. Introduction

Biochemical oxygen demand (BOD) is a widely used index
for estimating the level of water pollution by organic com-
pounds [1]. BOD can provide useful information for biolog-
ical and environmental impact assessment and has been the
most preferred method for environmental applications [2-
5]. The standard BOD, method described by APHA (1998)
is the most widely used method for measuring biodegradable
organic levels in waters and wastewaters [6, 7]. However, the
classical BOD; method is unsuitable for rapid detection and
online applications [4, 8].

In order to get the BOD values within minutes, the devel-
opment of a new detection method has become a very attrac-
tive option. To date, tremendous efforts have been devoted to
developing new BOD detection methods to reduce assay time
and simplify procedures to meet the requirements of end
users [4, 7, 9-26], such as (i) biosensors based on biolumines-

cent bacteria, (ii) biosensors with redox mediators, (iii)
microbial fuel cell (MFC) biosensor, (iv) biosensors with
entrapped microorganisms, and (v) biosensors based on the
bioreactor/chemist at technology [2, 5]. Among them,
because of the complexity and low precision of the biolumi-
nescence reaction, the two former technologies show the least
potential in practical applications [5, 20, 22, 23, 27, 28]. Cur-
rently, the most widely adopted approach is the type of bio-
sensor method based on the respiration rate [5, 26]. In
addition, MCF has become the mostly studied method. The
main issues in the development of new detection methods
involve time-consuming preparation procedures [4, 12, 26],
longer incubation or activation or measurement times [4,
12, 26, 29, 30], rigorous maintenance [26, 31], online applica-
tions [26, 32], and complex analysis systems [26, 33].
Although MFCs can generate stable current under constant
condition, the pollution of toxic substances in MFCs usually
reduces the current by affecting microorganisms [34, 35].
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Membrane-type BOD sensors also have other problems, such
as membrane fouling, nonportability, and insufficient online
design [23, 36, 37]. Because the traditional BOD rapid mon-
itor has a complicated pipeline system, it is difficult to clean.
Residual biofilms inevitably exist in the pipeline, which will
eventually affect the test results. Besides, the analytical per-
formance of many existing rapid BOD methods is usually
severely affected by the sample matrix. The measured analy-
sis signal is highly dependent on the sample matrix, showing
the inherent limitations of a narrow range of application, as
well as defects in the repeatability and reliability of real sam-
ple analysis [4, 9, 12, 26, 38]. In addition, the traditional
microbial immobilization technology used in rapid detection
is difficult to quantify the immobilization of microbial cells.
In the actual detection, the change in the number of microor-
ganisms affects the detection results. In fact, the rapid BOD
sensor achieved rapid monitoring at the expense of sacrific-
ing unique advantages of the BOD5 method [4, 12, 26].
China advocates defining standard water quality less than
10 mgL'1 BOD. In order to assess such a low BOD value,
building an accurate BOD monitoring system has become
an important factor for monitoring the water quality [39].
The development of a new BOD method that can achieve
rapidity (the inherent advantage of fast BOD sensors), solve
the shortcomings of the traditional biofilm method, and
maintain the widespread application of the BOD; method
is of an important practical issue and scientifically
challenging.

In this study, we aimed to develop a simple and accurate
BOD monitoring method, which can be used for real-time
detection and online monitoring. According to the tradi-
tional fast monitoring method, BOD can be calculated from
the reduction of DO based on the output signal of the DO
sensor and the correlation between the concentration of the
target substrate and BOD [40, 41]. Based on this principle,
we have studied the monitoring objects and determined the
method of evaluating BOD by detecting changes in electrical
signals. With this detection method, the complex piping sys-
tem in the instrument can be removed, the complicated
cleaning work can be reduced, and the instrument volume
can be greatly reduced. This method can improve the sensi-
tivity and stability of monitoring to a certain extent and can
reduce the influence caused by the unstable substrate matrix
and monitoring signal. In addition, in this method, an
embedding technique is used to quantify and immobilize
microorganisms. The polymer matrix used to fix microbial
cells makes microbial spherical particles an identification ele-
ment for biodegradable organic matter, which can reduce the
impact of problems such as biofilm clogging on monitoring.

2. Experimental

2.1. Method. Based on the principle of the standard detection
method, the detection time is greatly shortened and the oper-
ation process is simplified. Immobilized microbial cell parti-
cles are used as reaction elements, which can realize the full
mixing and reaction of microbes and water samples. In the
closed reaction vessel, microorganisms decompose organic
matter and consume oxygen, which results in a decrease in
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the concentration of DO in the water; at the same time, the
value of COND will change. This study explored the reaction
relationship between COND and DO, and multiple relation-
ship curves were established. In the actual detection process,
BOD can be accurately detected by detecting the change of
COND in the sample and performing relevant calculations.
In addition, in order to adapt to different testing require-
ments, this study determined a variety of testing modes.

Because the COND value can be detected every second,
in principle, this method can detect the BOD value once
per second. In order to ensure the accuracy and stability of
the detection, the moving average calculation method is exe-
cuted during the calculation process, so the BOD value can be
obtained every minute.

2.2. Control System. First, the conductivity signal is collected
by the COND probe (COND value can be detected every sec-
ond). After that, the signal is collected to the transmitter
through the MODBUS protocol, and the transmitter trans-
mits the signal to the controller by the 4-20 mA signal. The
controller performs moving average processing on the con-
ductivity signal, and the data is displayed once every minute
after the moving average processing. After reaching the spec-
ified running time (manual setting), the test results and reac-
tion time will be output for the data processing and
comparison.

2.3. Materials and Tools. PVA (polyvinyl alcohol), sodium
alginate, xanthan gum, NaCl, glucose, and glutamic acid were
purchased from Beijing Chemical Reagents Company.
Unless otherwise indicated, all reagents used in this study
were laboratory-grade materials, and all solutions were pre-
pared with high-purity deionized (Milli-Q) water.

The BOD standard solution (136.4mg glucose and
136.4 mg glutamic acid are dried at 103°C for 2 hours, dis-
solved, and diluted to 100 mL, GGA) was prepared according
to the standard method. This solution in this study has a
known BOD value of 2000 + 160 mgL™". And lower concen-
tration BOD solution was prepared by appropriate dilution
with deionized water.

Phosphate buffer solution (PBS, 5mM, pH 7.0) was pre-
pared in accordance with standard methods using diluting
samples and activating and washing microbial spherical
particles.

Based on theoretical principles, an experimental R&D
platform and a simple prototype have been produced. The
R&D platform is used for curve research and correction.

The prototype is used for water sample monitoring. The
structure diagram of the prototype is shown in Figure 1,
and the appearance of the prototype is shown in Figure 2.

2.4. Immobilized Microbial Cell Particles. Bacillus subtilis
used in the experiment was isolated from the water sample
of the aeration basin of the Shandong Taian Wastewater
Treatment Plant and stored at 4°C. Physiological saline solu-
tion with a mass and volume fraction of 0.8% was prepared
and transferred to an Erlenmeyer flask for sterilization.

The microbial consortium was harvested and washed
twice with physiological saline solution by centrifugation
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FIGURE 1: Schematic diagram of the current sensing biosensor for BOD.

F1GURE 2: The appearance of the prototype.

(6000 rpm for 10 min) at room temperature. The supernatant
liquid was then discarded, and the remaining sediment was
quantified by weight for construction of microbial spherical
particles. Polyvinyl alcohol, sodium alginate, and xanthan
gum in a mass ratio of 1:1:2 (PVA mass is 2g) were dis-
solved in 30mL of deionized water and then cooled to
40°C, then mixed thoroughly with 1 gram microbial consor-
tium (the concentration of cell is about 3.0 x 10° cells g™*).

The resulting mixture was placed in a sterilization mold
and cooled to form spherical beads. The pellets were washed
with physiological saline, then dried at 4°C for 24 hours, and
stored at 4°C before use.

2.5. Determination of the Relationship Curve. The BOD stan-
dard solution as the experimental object was prepared
according to the standard method. The BOD standard solu-

tion with a certain concentration, KCl electrolyte solution,
and microorganism-embedded particles were added to the
closed reaction container for full reaction. The temperature
and stirring frequency remain unchanged during the reac-
tion. During the process, the COND and DO values in the
solution were detected and recorded. There are three concen-
tration ranges of high (800+ mgL™"), medium (400-800 mg L~
1, and low (400- mg L), and each concentration range is
divided into different concentration gradients to conduct
exploration experiments, and each group of experiments
carries out multiple sets of repeated experiments. High-
fitting curves were selected for the verification test.

The concentration gradient was subdivided within the
detection range of each curve. The corresponding concentra-
tion standard sample is detected, and the test is repeated mul-
tiple times. Then, the deviation degree of each relationship
curve is detected, and the curve coeflicient is calibrated.

2.6. Measurement Procedures. A COND probe (D]S-1D,
Shanghai, China) purchased from Shanghai Yidian Scientific
Instrument Co., Ltd. was used as the transducer, which was
plugged in the center of the reactor. The microbial spherical
particles are placed in the reactor, and electromagnetic stir-
ring is used to ensure that they fully react with the water sam-
ple. A temperature control system was placed at the bottom
of the reactor which was used to control the reaction temper-
ature to 25°C.

Before measurement, about 500 mL of 0.005 mol L' PBS
was poured into the activation box. Then, about 2 g glucose
and 0.5 g glutamic acid were added to the PBS solution which
was used to provide nutrients to the microorganisms in the
microbial spherical particles. The amount of microbial spher-
ical particles used in one test is about 5 g. Then, the activation
box needed to be covered, and the temperature of the
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FIGURE 3: Testing results of glucose-glutonic acid solution: (a) 200 mg LY (b) 400 mg L% (c) 600 mg LY (d) 800 mg L

activation box needed to be controlled at about 35°C (suitable
for microbial growth) for 48 hours.

BOD standard solution was used to regulate the BOD
sensor. The probe needs to be washed with deionized water
before each monitoring. The measurement of the conven-
tional BOD; value was carried out by the standard method
[6, 7]. In order to analyze the accuracy and stability of this
monitoring method, the monitoring results obtained by this
monitoring method need to be compared with the results
obtained by the BOD; method.

3. Results and Discussion

3.1. GGA Standard Solution. In order to carry out prelimi-
nary tests on the stability and accuracy of the method,

continuous tests were conducted on the different concen-
trations of GGA standard solution in the laboratory. This
experiment was conducted on the original R&D platform.
This experiment sets the concentration gradient to 200.
A total of four samples with different concentrations were
selected for testing. Six consecutive experiments were con-
ducted on samples with concentrations of 200mgL™ and
400mgL’", respectively. Three consecutive experiments
were carried out on samples with concentrations of
600mgL™"' and 800 mgL™". Due to the unstable initial reac-
tion, the experimental data discarded the continuous data
for the first 5 minutes and recorded the continuous mon-
itoring data for 6-16 minutes. The average value of 6 sets
(or 3 sets) of data corresponding to each minute is
obtained. The results are shown in Figure 3. The average
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TaBLE 1: The results of GGA standard solution.

Standard Relative

Average Maximum
sample BOD mean relative Error
guaranteed (mgLY) deviation deviation (%) (%)
value 8 (%) ?
200+ 16 223.0 3.0 6.2 11.5
400 + 32 369.4 1.0 33 -7.6
600 + 48 603.4 1.3 2.8 0.6
800 + 64 778.0 3.8 7.1 -2.5

TaBLE 2: The results of standard sample BOD mass concentration.

Average BOD (mgL™")

ISle(l)r.nple Prototype Standard sample E(roz](;r

measured value guaranteed value
1 169.5 170.0 -0.3
2 106.8 107+ 9 08
3 10.2 10.5+2.4 25
4 598.3 600 +49.7 -0.3
5 997.8 1050 + 87 -0.2

TaBLE 3: The results of continuous monitoring.
-1

Experiment no. Influent pop mel Effluent
1 1140.2 130.1
2 1089.5 141.1
3 1020.4 125.8
4 1001.9 119.6
5 1067.5 120.1
6 1123.2 128.1
Average 1073.8 127.5

TaBLE 4: The results of typical samples.

Average BOD
Sample (mg LY Error (%)
Prototype BODj

Domestic sewage 98.3 101.3 -3.0
Printing and dyeing wastewater 99.1 109.7 9.7
Gray water 73.9 75.1 -1.5
Industrial wastewater 2483 261.4 -5.0

BOD values, deviation, and error values are shown in
Table 1.

Due to some accidental errors in solution preparation
and dilution, the relative deviation of different batches of
experiments will be different, and the single data deviation
phenomenon that occurs accidentally in multiple sets of
experiments cannot be excluded. The experimental data is

evenly distributed, and the data fit is high, indicating that
the detection method has good stability.

The error of the test result of the sample with a concen-
tration of 200mgL™" is relatively large. The error value of
the test results of other concentration samples is within the
allowable range (relative error < 8%). The average deviation
value also indicates that the test has better stability. In the
subsequent prototype production, the curve correction work
was carried out, basically solving the problem of large error in
the detection results of the low concentration in this part.

3.2. Repeatability and Deviation. The repeatability is an
important parameter that can be used to indicate the preci-
sion of the prototype. The same sample is tested under the
same conditions, and the error is performed to analyze the
precision of the prototype. In this experiment, five standard
samples with different mass concentrations were selected
for detection in each applicable range, and each concentra-
tion sample was subjected to 6 repeated tests. The average
values are shown in Table 2.

The analysis of the experimental data and the significance
test show that the measured value of the prototype is not sig-
nificantly different from the guaranteed value of the standard
sample (p <0.105), and the relative error is less than 5%,
indicating that the detection method has high test accuracy.

3.3. Stability. The stability indicates the stability of the proto-
type which is used to detect water samples continuously. In
this test, the influent and effluent water samples of a sewage
treatment plant were detected 6 times within 2 days. The pro-
totype was set to standby except working time. The results
are shown in Table 3.

The measurement results show that the average deviation
of the prototype is 4.7% for the inlet water sample and 5.7%
for the effluent water. The results suggest that the prototype
was stable during the practical application.

3.4. Actual Detection. The ultimate purpose of testing various
performances of the prototype is to explore the feasibility of
the prototype for the detection of actual wastewater samples.
In this experiment, in order to verify the feasibility of this
method for testing actual water samples, Bacillus subtilis
was used to make microbial particles to test several typical
actual water samples. Each water sample was tested three
times, and the average value was taken. At the same time,
the BOD; standard method was used to detect each water
sample, and the test results were compared with the proto-
type test results.

The significance test indicated that the BOD mass con-
centration value measured by the prototype was not signifi-
cantly different from the BOD, standard method (p < 0.105
). Taking the test results of the BOD, standard method as
the standard, the deviations of the test values of the prototype
are all less than 5%. It is proved that this method and the
BOD, standard method have a good correlation with the test
values of actual water samples. It shows that the prototype
has accurate detection results for a variety of wastewater
and meets the standard requirements. It can be concluded
from Table 4 that the BOD values of the prototype are lower



than the BOD values of the BOD, standard method. Because
the BOD; standard method has a long reaction time, the
microorganism can degrade most of the biodegradable
organic compounds in the water sample, while the microor-
ganism in the current sensing biosensor method can only
quickly degrade some organics that are easily degraded in
the water sample. Therefore, the test results of the same water
sample by the current sensing BOD. standard method are
not exactly the same. Table 4 indicates that there is a large
error between the test results of the BOD, standard method
and the current sensing biosensor method of the printing
and dyeing wastewater. The reason for the result may be that
the printing and dyeing wastewater contains more heavy
metal jons and has a certain toxic effect on the immobilized
microbial cell particles.

4. Conclusion

This method improves the traditional rapid monitoring
instruments, reduces the complicated piping system, and
optimizes the immobilization method of microorganisms.
This method does not require elution. Compared with the
traditional biofilm method, it can achieve quantitative immo-
bilization of microorganisms, which can increase the number
of fixed microorganisms by several orders of magnitude and
control the number of the microbial cell particles used in the
detection. Therefore, this method was more accurate and
effective for BOD measurement which can greatly shorten
the reaction time and simplify the operation steps. The test
results of actual water samples show that BOD values of this
method are consistent with the BOD values of the BOD,
standard method (error < 5%). The results of this study indi-
cated that this method can meet the requirement of BOD
rapid measurement. Toxicants such as heavy metal ions
and organic toxicants have toxic effects on Bacillus subtilis;
therefore, antitoxic strains need to be selected for detecting
specific wastewater. It provides a general direction for the
follow-up of this research, that is, the use of mixed strains,
and precise control of the proportion of various strains, to
expand the detection range and improve the stability of the
detection.

Data Availability

All data generated or analyzed during this study are included
in this published article and its supplementary information
files.

Conflicts of Interest

The authors declare that they have no conflicts of interest.
Authors’ Contributions

Yiman Liu and Jie Li have contributed equally to this work.

References

[1] S. Niyomdecha, W. Limbut, A. Numnuam,
P. Asawatreratanakul, P. Kanatharana, and P. Thavarungkul,

(2]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

Archaea

“A novel BOD biosensor based on entrapped activated sludge
in a porous chitosan-albumin cryogel incorporated with gra-
phene and methylene blue,” Sensors and Actuators B-chemical,
vol. 241, pp. 473-481, 2017.

S. Jouanneau, L. Recoules, M. J. Durand et al., “Methods for
assessing biochemical oxygen demand (BOD): a review,”
Water Research, vol. 49, pp. 62-82, 2014.

K. Morris, K. Catterall, H. Zhao, N. Pasco, and R. John, “Ferri-
cyanide mediated biochemical oxygen demand - development
of a rapid biochemical oxygen demand assay,” Analytica Chi-
mica Acta, vol. 442, no. 1, pp. 129-139, 2001.

C. Liu, H. Zhao, L. Zhong et al., “A biofilm reactor-based
approach for rapid on-line determination of biodegradable
organic pollutants,” Biosensors & Bioelectronics, vol. 34,
no. 1, pp. 77-82, 2012.

T. T. P. Pham, P. Nguyen, T. T. Nguyen, and H. T. L. Duong,
“Self-build packed-bed bioreactor for rapid and effective BOD
estimation,” Environmental Science and Pollution Research,
vol. 26, no. 25, pp. 25656-25667, 2019.

APHA, Standard methods for the examination of water and
wastewater, American Public Health Association, Washington
D.C., 20th Ed edition, 1998.

J. Wang, Y. Zhang, Y. Wang, R. Xu, Z. Sun, and Z. Jie, “An
innovative reactor-type biosensor for BOD rapid measure-
ment,” Biosensors ¢ Bioelectronics, vol. 25, no. 7, pp. 1705-
1709, 2010.

S. Zhang, H. Zhao, D. Jiang, and R. John, “Photoelectrochem-
ical determination of chemical oxygen demand based on an
exhaustive degradation model in a thin-layer cell,” Analytica
Chimica Acta, vol. 514, no. 1, pp. 89-97, 2004.

C. Liu, C. Ma, D. Yu et al., “Immobilized multi-species based
biosensor for rapid biochemical oxygen demand measure-
ment,” Biosensors and Bioelectronics, vol. 26, no. 5, pp. 2074-
2079, 2011.

J. Jianbo and D. Shaojun, “The progress of microbial biosen-
sors for biochemical oxygen demand,” Chinese Journal of Ana-
Iytical Chemistry, vol. 31, no. 6, pp. 742-748, 2003.

K. Catterall, K. Morris, C. Gladman, H. Zhao, N. Pasco, and
R. John, “The use of microorganisms with broad range sub-
strate utilisation for the ferricyanide-mediated rapid determi-
nation of biochemical oxygen demand,” Talanta, vol. 55,
no. 6, pp. 1187-1194, 2001.

K. Catterall, H. Zhao, N. Pasco, and R. John, “Development of
a rapid ferricyanide-mediated assay for biochemical oxygen
demand using a mixed microbial consortium,” Analytical
Chemistry, vol. 75, no. 11, pp. 2584-2590, 2003.

C. Preininger, I. Klimant, and O. S. Wolfbeis, “Optical fiber
sensor for biological oxygen demand,” Analytical Chemistry,
vol. 66, no. 11, pp. 1841-1846, 2002.

A. Kumlanghan, P. Kanatharana, P. Asawatreratanakul,
B. Mattiasson, and P. Thavarungkul, “Microbial BOD sensor
for monitoring treatment of wastewater from a rubber latex
industry,” Enzyme & Microbial Technology, vol. 42, no. 6,
pp. 483-491, 2008.

I. S. Chang, J. K. Jang, G. C. Gil et al., “Continuous determina-
tion of biochemical oxygen demand using microbial fuel cell
type biosensor,” Biosensors & Bioelectronics, vol. 19, no. 6,
pp. 607-613, 2004.

C. Chan, M. Lehmann, K. Chan et al., “Designing an ampero-
metric thick-film microbial BOD sensor,” Biosensors & Bio-
electronics, vol. 15, no. 7-8, pp. 343-353, 2000.



Archaea

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

G.J. Chee, Y. Nomura, K. Ikebukuro, and I. Karube, “Develop-
ment of photocatalytic biosensor for the evaluation of bio-
chemical oxygen demand,” Biosensors & Bioelectronics,
vol. 21, no. 1, pp. 67-73, 2005.

H. Pang, N. Kwok, P. Chan, C. Yeung, W. Lo, and K. Wong,
“High-throughput determination of biochemical oxygen
demand (BOD) by a microplate-based biosensor,” Environ-
mental Science & Technology, vol. 41, no. 11, pp. 4038-4044,
2007.

L. Lin, L. L. Xiao, S. Huang et al., “Novel BOD optical fiber bio-
sensor based on co-immobilized microorganisms in ormosils
matrix,” Biosensors & Bioelectronics, vol. 21, no. 9, pp. 1703-
1709, 2006.

T. Sakaguchi, Y. Morioka, M. Yamasaki et al., “Rapid and
onsite BOD sensing system using luminous bacterial cells-
immobilized chip,” Biosensors & Bioelectronics, vol. 22, no. 7,
pp. 1345-1350, 2007.

N. Kwok, S. Dong, W. Lo, and K. Wong, “An optical biosensor
for multi-sample determination of biochemical oxygen
demand (BOD),” Sensors and Actuators B-chemical, vol. 110,
no. 2, pp. 289-298, 2005.

H. Nakamura, Y. Abe, R. Koizumi et al., “A chemilumines-
cence biochemical oxygen demand measuring method,” Ana-
Iytica Chimica Acta, vol. 602, no. 1, pp. 94-100, 2007.

H. Nakamura, K. Suzuki, H. Ishikuro et al., “A new BOD esti-
mation method employing a double-mediator system by ferri-
cyanide and menadione using the eukaryote Saccharomyces
cerevisiae,” Talanta, vol. 72, no. 1, pp. 210-216, 2007.

H. Chen, T. Ye, B. Qiu, G. Chen, and X. Chen, “A novel
approach based on ferricyanide-mediator immobilized in an
ion-exchangeable biosensing film for the determination of bio-
chemical oxygen demand,” Analytica Chimica Acta, vol. 612,
no. 1, pp. 75-82, 2008.

J. Liu and B. Mattiasson, “Microbial BOD sensors for wastewa-
ter analysis,” Water Research, vol. 36, no. 15, pp. 3786-3802,
2002.

C. Liu, H. Zhao, S. Gao et al., “A reagent-free tubular biofilm
reactor for on-line determination of biochemical oxygen
demand,” Biosensors ¢ Bioelectronics, vol. 45, pp. 213-218,
2013.

T. Sakaguchi, K. Kitagawa, T. Ando et al., “A rapid BOD sens-
ing system using luminescent recombinants of Escherichia
coli,” Biosensors & Bioelectronics, vol. 19, no. 2, pp. 115-121,
2003.

A.S. Zaitseva, V. A. Arlyapov, N. Y. Yudina, S. V. Alferov, and
A. N. Reshetilov, “Use of one- and two-mediator systems for
developing a BOD biosensor based on the yeast Debaryomyces
hansenii,” Enzyme and Microbial Technology, vol. 98, pp. 43—
51, 2017.

T.C. Tan and E. W. C. Lim, “Thermally killed cells of complex
microbial culture for biosensor measurement of BOD of
wastewater,” Sensors and Actuators B Chemical, vol. 107,
no. 2, pp. 546-551, 2005.

L. S. Chang, H. Moon, J. K. Jang, and B. H. Kim, “Improvement
of a microbial fuel cell performance as a BOD sensor using
respiratory inhibitors,” Biosensors & Bioelectronics, vol. 20,
no. 9, pp. 1856-1859, 2005.

P. Namour, N. Jaffrezic-Renault, and P. Namour, “Sensors for
measuring biodegradable and total organic matter in water,”
Trends in Analytical Chemistry, vol. 29, no. 8, pp. 848-857,
2010.

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

N. Pasco, K. Baronian, C. Jeffries, and J. Hay, “Biochemical
mediator demand - a novel rapid alternative for measuring
biochemical oxygen demand,” Applied Microbiology and Bio-
technology, vol. 53, no. 5, pp. 613-618, 2000.

R. Iranpour and M. Zermeno, “Online biochemical oxygen
demand monitoring for wastewater process control-full-scale
studies at Los Angeles Glendale wastewater plant, California,”
Water Environment Research, vol. 80, no. 4, pp. 298-307, 2008.

M. Kim, M. Sik Hyun, G. M. Gadd, and H. Joo Kim, “A novel
biomonitoring system using microbial fuel cells,” Journal of
Environmental Monitoring, vol. 9, no. 12, pp. 1323-1328,
2007.

N. E. Stein, H. V. M. Hamelers, and C. N. J. Buisman, “Stabi-
lizing the baseline current of a microbial fuel cell-based biosen-
sor through overpotential control under non-toxic
conditions,” Bioelectrochemistry, vol. 78, no. 1, pp. 87-91,
2010.

L. Cheng, S. B. Quek, and R. Cord-Ruwisch, “Hexacyanofer-
rate-adapted biofilm enables the development of a microbial
fuel cell biosensor to detect trace levels of assimilable organic
carbon (AOC) in oxygenated seawater,” Biotechnology ¢ Bio-
engineering, vol. 111, no. 12, pp. 2412-2420, 2014.

B. H. Kim, I. S. Chang, G. Cheol Gil, H. S. Park, and H. J. Kim,
“Novel BOD (biological oxygen demand) sensor using
mediator-less microbial fuel cell,” Biotechnology Letters,
vol. 25, no. 7, pp. 541-545, 2003.

J. Liu, L. Bjoérnsson, and B. Mattiasson, “Immobilised activated
sludge based biosensor for biochemical oxygen demand mea-
surement,” Biosensors ¢ Bioelectronics, vol. 14, no. 12,
pp. 883-893, 2000.

J. Hu, Y. Li, G. Gao, and S. Xia, “A mediated BOD biosensor
based on immobilized B. subtilis on three-dimensional porous
graphene-polypyrrole composite,” Sensors, vol. 17, no. 11,
p. 2594, 2017.

I. Karube, T. Matsunaga, S. Mitsuda, and S. Suzuki, “Microbial

electrode BOD sensors,” Biotechnology & Bioengineering,
vol. 19, no. 10, pp. 1535-1547, 1977.

M. Raud, M. Tutt, E. Jogi, and T. Kikas, “BOD biosensors for
pulp and paper industry wastewater analysis,” Environmental
Science & Pollution Research, vol. 19, no. 7, pp. 3039-3045,
2012.



	A Current Sensing Biosensor for BOD Rapid Measurement
	1. Introduction
	2. Experimental
	2.1. Method
	2.2. Control System
	2.3. Materials and Tools
	2.4. Immobilized Microbial Cell Particles
	2.5. Determination of the Relationship Curve
	2.6. Measurement Procedures

	3. Results and Discussion
	3.1. GGA Standard Solution
	3.2. Repeatability and Deviation
	3.3. Stability
	3.4. Actual Detection

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions

