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In this article, we developed a native biofilm (NBF) bioreactor used for biochemical oxygen demand
mediated method (BODyq). There were two innovations differed from previous BODyeq assay. Firstly,
the immobilization of microorganisms was adopted in BODy;e4. Secondly, the NBF was introduced for BOD
measurement. The NBF bioreactor has been characterized by optical microscopy. A culture condition of
NBF with 24 h, 35°C and pH 7 was optimized. Furthermore, a measuring condition with 35°C, pH 7
and 55 mM ferricyanide in 1h incubation were optimized. Based on the optimized condition, the real

ﬁ‘;{ ;’\V,‘e’rgis(';ﬁlm (NBE) wastewater samples from local sewage treatment plant had been measured. Performances of the NBFs
Mediator method proposed at different culture conditions were recorded for 110 d, and the results indicated that long-

term storage stability was obtained. With the proposed method, an uncontaminated native microbial
source solution can be obtained from a wastewater treatment plant. In this way, we can ensure that the

Biochemical oxygen demand (BOD)
Microorganism immobilization

microbial species of all in the NBF are same as that in the target to be measured.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

The biochemical oxygen demand (BOD) is a significant environ-
mental parameter, because it is a biofeedback of environmental
infection. The international legislated standard test 5-d biochemi-
cal oxygen demand assay (BODs) is not suitable for rapid feedback
information in practice. So the rapid BOD biosensors were devel-
oped. In those BOD biosensors, oxygen was used as the terminal
electronic acceptor and which concentration in water (8.7 mg/L at
25°C) was a limited factor for biosensors [1]. Based on the high
solubility, synthetic electron acceptor (called mediator) has been
explored for BOD measurement in the last decade. In 2000, the
ferricyanide-mediated microbial reaction has been used for BOD
measurement [2]. Subsequently, the mediated method for BOD
measurement (BODyeq) gained great attention, because the high
solubility of synthetic electron acceptor overcame the limitation
from lower oxygen solubility [3-8]. So far, numerous works of
BODyeq method have been reported and successfully established
[9-15].

However, inrecent years, the BODy;oq method developed slowly.
In fact, BODyjoq method is labour-intensive and making rapid anal-
ysis of the bioreaction very difficult [6]. One important barrier to
the use of BODy;eq method is that the microorganisms suspended
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in solution is generally adopted [16-19]. Microorganism culture
was required before BOD measuring. As is known, microorganism’s
culture process was tedious and time consuming, so the immobi-
lization of microorganisms to form a biofilm on substrate is the
unique way to solve the problem [20]. It is known that an insuffi-
cient broad spectrum of organic substrates could be biodegraded
by the single species. Obviously, the ideal microbial consortium
employed for the BOD biosensor fabrication is the same as that
truly reflecting the biodegradation on the real wastewater sample
[21-23].

Here, we proposed to fabricate the bioreactor using a native
biofilm (NBF) cultured from native resource wastewater for BOD
measurement. Such a NBF bioreactor possesses an extremely high
and sustainable native microorganisms’ population hence ensuring
a satisfying biodegradation of native microbial source wastewater.
Based on this, the high biodegradation ability, sensitivity and accu-
racy, superior reliability and wide applicability can be expected. The
present approach has significant potential for developing of rapid
and inexpensive instruments for on-line environmental measure-
ment.

2. Experimental
2.1. NBF culture conditions and bioreactor

The native biofilm (NBF) was cultured aerobically by using
real wastewater from a local sewage treatment plant. CASO broth
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Fig. 1. Optical microscopy images of carbon fiber felt before (A) and after (B) depositing microorganisms with 50x objective. Inset: 10x objective. (C) Amperograms recorded
at a Pt microarray electrode (25 pum x 4) for BOD?°° GGA solution and an endogenous control after 1 h incubation with NBF bioreactor.

medium was bought from Fluka (Fluka Chemie GmbH CH-9471
Buchs). The 3 g of CASO substrate was pulled into the culture flask
with 100 mL real wastewater. Carbon fiber felt was immersed in the
flask and shacked at 100 rpm. To optimizing the culture conditions,
the different culture time (under 35°C and pH 7), temperature
(under 24 h and pH 7) and solution pH (under 24 h and 35 °C) were
adopted. After culture, the NBF was filled into a 0.5 mL eppendorf
tube for fabricating a simple bioreactor and stored in the phosphate
buffer solution (PBS, 0.12 M Na,HPO,4/0.08 M K, HPO4/0.1 M KCl, pH
7).

2.2. BODyeq measurement and electrochemical response

Test solution with different concentrations was prepared
by appropriate dilution of a BOD!980 (1500mg/L glucose and
1500 mg/L glutamic acid) standard solution with PBS [5,6]. The
symbol that BOD with a superscript means a solution was assigned
with a corresponding BOD value. For example, the abbreviation
BOD'980 means a solution with the BOD value 1980 mg O/L. Endoge-
nous control solutions were prepared by adding PBS in place of
the test organic substrate. Potassium ferricyanide solutions were
prepared by 0.33M PBS. All chemicals used in this study were
of analytical reagent grade and all solutions were prepared with
deionized water being sterilized. The temperature was controlled
by water bath. To terminate the reaction, the samples were pumped
out by syringe and centrifuged with 10,000 rpm for 3 min. The
supernatant solution was then used for analysis of microbially
produced ferrocyanide. Electrochemical responses were measured
with a CHI 832 electrochemical analyzer (CHI Co., Shanghai, China).
The setup was conducted in amperometric mode. The detailed
operation was introduced in our previous report [24]. The platinum

array microelectrode (2 x 2 microdiscs of 25 pm diameter each)
was used as working electrode, and piece of Pt was used as the
counter electrode, and Ag/AgCl reference electrode was applied to
the Pt-working electrode throughout all measurements. The results
calculated referred previously report [25].

2.3. Measurement of real polluted wastewater

Mixture of 55mM ferricyanide (final concentration) and real
wastewater were added into the NBF bioreactor. The sample solu-
tions were incubated at 35°C for an optimized time (1h for the
present work). The operation for terminating the reaction and
obtaining the analytical signal were referred in Section 2.2.

3. Results and discussion
3.1. Characterization of the NBF bioreactor

In the present work, NBF was cultured from a sewage treatment
plant. Optical microscopy was used for investigating the NBF forma-
tion. Fig. 1A and B presets optical microscopy images of the carbon
fiber felt before and after deposition of microorganisms, respec-
tively. The microorganisms were stained by methylene blue for
observation. The result indicated that NBF has been deposited on
the carbon fiber felt. Which carbon fiber felt with NBF could be used
for bioreactor fabrication. The diameter of carbon fiber was 14 pm
in average obtained from twenty measurements. The bioreactor
volume was 0.5 mL, and the surface area of 70 mg carbon fiber felt
was estimated ~90 cm?. Obviously, the high specific surface area is
benefit for depositing microorganisms.
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Fig. 2. Effect of culture condition of NBF formation. (A) Time, and (B) pH.

Fig. 1C showed the amperometric responses for the BOD2%0 GGA
and an endogenous control after 1 h incubation with NBF bioreac-
tor. The final concentration of ferricyanide was 55 mM. This result
indicated two points. On the one hand, the NBF was able to utilize
endogenous substrate for respiration. On the other hand, there was
a distinguished analytical signal between sample and endogenous
substrate. This result indicated a satisfactory performance of the
present NBF.

3.2. Optimizing culture condition of the NBF bioreactor

The culture time of NBF was varied from 12h to 48 h at 35°C
in pH 7 solution. The performance of NBF was evaluated by biode-
grading a BOD2%0 GGA solution. Fig. 2A showed that the signal of
mediator reduced by NBF have reached to the maximum at 24 h and
got to a stable state. As we know, a higher temperature of culture
can accelerate the growth of microorganisms and promote the cell
aging finally. The results indicated that 24 h was a suitable culture
time for NBF formation.

pH of nutritional substrates for culturing NBF was varied from 5
to 8 at 35°C for 24 h. The catalytic ability evaluation was accorded
to culture time-dependent experiments. Fig. 2B showed that the
reduced mediator generated by NBF increased gradually with the
pH varied from 5 to 7, and sharply dropped at pH 8. It is possible that
the reproduction of microorganisms from the real wastewater was
not vigorous in alkaline solution. This result indicated that pH 7 was
a suitable condition for NBF formation. Furthermore, the culture
temperature has been selected at 28 °C and 35°C in pH 7 solution
for 24 h, and the analytical signal obtained at 35 °C was six-fold of
that at 28 °C (data were not shown). So the 35°C was selected for
culturing NBF on the carbon fiber felt.

Fig. 3. Effect of (A) ferricyanide concentration (endogenous control values have not
been reduced), (B) incubation temperature and (C) time on the response of NBF
bioreactor.

3.3. Optimizing measurement condition of the NBF bioreactor

The effect of ferricyanide concentration on the response of NBF
bioreactor has been valuated by using BOD2%0 GGA solution. Fig. 3A
shows that the analytical signal reached a high response when
the ferricyanide concentration was in the range of 44-66 mM. The
responses decreased when the ferricyanide concentrations were
below 33 mM or above 77 mM. We presumed the reason of the
present result was that the microorganism viability was decreased
by the toxicity of artificial electron acceptor, when the concen-
tration of ferricyanide was above 66 mM. When the ferricyanide
concentration was below 33 mM, the reaction could be limited by
the availability of the artificial electron acceptor. This result was
also in good agreement with the previous report [7].

The effect of incubation temperature on the response of NBF
bioreactor was then evaluated by using BOD299 GGA solution.
Fig. 3B shows that the analytical signal reached a high response
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Fig. 4. Calibration curve of GGA standard solution. The point of intersection was
BOD\yeq Vvalue of real polluted wastewater.

when the incubation temperature was in the range of 35-40°C. The
responses decreased when the incubation temperature was below
25°Cor above 45 °C. The results suggested that the microorganism
viability was temperature-dependent.

The incubation time has been valuated by using BOD2%? GGA
solution. Fig. 3C shows that the analytical signal was reached a high
response when the incubation time was in the range of 60-180 min.
The responses were decreased at the incubation time below 30 min
and above 180 min. It is known that the damage of bacteria was
related with the incubation time. The morphology variation could
be referred our early work [26]. So we selected 1 h for all measure-
ments in subsequent experiments.

3.4. Calibration and measurement of real polluted wastewater

The linear range of GGA solution with the NBF bioreactor
was further studied. A response range was obtained from BOD!2
to BOD#00 GGA organic substrate (see supporting information,
Fig. S1), but the linear correlation was obtained only between
BOD!2 and BOD'%°, All measured signals were obtained by sub-
tracting the background current. A linear regression equation of
y=125+0.79x (R=0.9710) was calculated, where y is the difference
of current response (Al) and x is the concentration of the stan-
dard solution. The trendline of GGA curve from BOD'2 to BOD400
would be predicted as a logarithm (Fig. S1). The result revealed
that the bacterial degradation efficiency gradually decreased with
extending the concentration of organic substrate. All the char-
acters revealed by the present results were the same as that
with mediator in solution reported by our group previously [24].
The measurements of real wastewater were carried out by the
NBF bioreactor. As shown in Fig. 4, the BODy;eq value 37 mg/L
was recorded as the point of intersection of calibration curve.
Compared with BODs value 42 mg/L, the RSD of +15% for BOD
measurement was acceptable. So the present result indicated that
the present NBF bioreactor could be used for measuring real
wastewater.

3.5. Long-term stability of the NBF bioreactor

An important index of bioreactor is the long-term stability.
The species and amount of microbial consortium of NBF could be
affected by their growth conditions, and the biodegradation activity
of NBF could be affected. So the three batches of NBF formed under
different conditions were recorded by Fig. 5. The NBF bioreactors
were stored in pH 7 PBS with 20% BOD!980 GGA solution (v/v). The
storage stabilities of NBF formed in different pH were recorded by
(a)-(c). The signals of pH 5 and pH 6 NBFs were increased over
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Fig. 5. Long-term stability of NBFs formed in different culture conditions. (a) 36 h,
pH 5,35°C; (b) 36 h, pH 6,35°C; (c) 36 h, pH 7,35°C; (d) 48 h, pH 7, 35°C; (e) 24 h,
pH 7,35°C; (f) 12h, pH 7,35°C; (g) ~60 h, pH 7, 28°C.

100% of initial activity in the first 45 d storage. We assumed the
reason was that some species of microorganism were limited at
the culture condition low pH (5 and 6) and re-grown at storage
condition pH 7. The result indicated that a more appropriate pH
for NBFs were formed in low pH and stored in pH 7 condition.
The storage stabilities of NBF formed in different culture times
were recorded by (d)—(f). The 12h and 24 h NBFs exhibited rela-
tively good performance, and the signals remained about 80% for
80 d and 60% for 110 d. The performances of 48 h NBF was non-
ideal after 45 d storage. We assumed the reason of the sharply
reduction of analytical signals was the growing of NBFs so rapidly
and the biofilm not well-knitted. This result indicated that the
excessively high culture temperature was not beneficial for NBF
storage. The signals of 28 °C NBF were enhanced strongly in the
first 45 d for storing, which possibly because the microorganisms
of NBF (based mainly on yeast) divided continually and some new
bacteria reproduced. This result indicated that the lower temper-
ature NBF was beneficial for storage. To use NBF effectively, the
suitable culture conditions would be selected based on different
aims.

4. Conclusion remarks

We developed a NBF bioreactor used in BODy,qy method.
There are two innovations. On one hand, we used the immo-
bilized microorganisms in mediated method. Based on the
immobilized approach, the microorganism culture was not
needed for measurement each time. The present method pos-
sessed a long-term stability of bioreactor as long as 110
d. On the other hand, we introduced the native biofilm in
BOD measurement to fabricate a bioreactor. Design, fabrica-
tion and optimization of the cultivated NBF bioreactor were
achieved by creating a highly biocompatible reactor surface
via using the carbon fiber felt to facilitate the biofilm forma-
tion.

The biofilm can be readily formed by cultivating the native
microbial source solution and the resultant biofilm should pos-
sess the same microbial composition as that of sample solution.
Consequently, the measured BOD from this type of natively cul-
tivated NBF should reflect the actual impact on the sample. In
other word, the test microbial consortium (the NBF bioreactor)
is specifically designed for the test sample. The present strategy
offers a simple way for resolving the problem of microorganism
cultivating multi-times in BODy;.q method, and it will become a
much practical approach in future application for environmental
analysis.



L. Liu et al. / Talanta 84 (2011) 895-899 899

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Nos. 20820102037 and 20935003), The
National High Technical Development Project Foundation (863
project, 2007AA061501) and The Special Funds for Major State
Basic Research Projects of China (973 project, 2010CB933600 and
2009CB930100).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.talanta.2011.02.025.

References

[1] Standard Methods for the Examination of Water and Wastewater, 19th ed.,
American Public Health Association, Washington, DC, 1997.

[2] K. Morris, H. Zhao, R. John, Aust. J. Chem. 58 (2005) 237.

[3] N. Pasco, K. Baronian, C. Jeffries, ]J. Hay, Appl. Microbial Biotechnol. 53 (2000)
613.

[4] K. Catterall, H. Zhao, N. Pasco, R. John, Anal. Chem. 75 (2003) 2584.

[5] A.Tizzard, ]. Webber, R. Gooneratne, R. John, J. Hay, N. Pasco, Anal. Chim. Acta
522 (2004) 197.

[6] N. Pasco, J. Hay, A. Scott, J. Webber, Aust. J. Chem. 58 (2005) 288.

[7] N. Yoshida, K. Yano, T. Morita, S.J. McNiven, H. Nakamura, I. Karube, Analyst
125 (2000) 2280.

[8] P. Ertl, B. Unterladstaetter, K. Bayer, S.R. Mikkelsen, Anal. Chem. 72 (2000)
4949.
[9] N.Yoshida,]. Hoashi, T. Morita, S.J. McNiven, K. Yano, A. Yoshida, H. Nakamurab,
I. Karube, Analyst 126 (2001) 1751.
[10] K. Catterall, K. Morris, C. Gladman, H. Zhao, N. Pasco, R. John, Talanta 55 (2001)

1187.

[11] K. Morris, K. Catterall, H. Zhao, N. Pasco, R. John, Anal. Chim. Acta 442 (2001)
129.

[12] N.Pasco,K.Baronian, C.Jeffries,]. Webber, ]. Hay, Biosens. Bioelectron. 20 (2004)
524.

[13] T. Kalab, P. Skladal, Electroanalysis 6 (1994) 1004.
[14] M.A. Jordan, D.T. Welsh, P.R. Teasdale, K. Catterall, R. John, Talanta 82 (2010)

751.

[15] H. Chen, T. Yea, B. Qiu, G. Chen, X. Chen, Anal. Chim. Acta 612 (2008)
75.

[16] S.P. Trosok, B.T. Driscoll, ].H.T. Luong, Appl. Microbiol. Biotechnol. 56 (2001)
550.

[17] N.Yoshida, J. Hoashi, T. Morita, S.J. McNiven, H. Nakamura, I. Karube, J. Biotech-
nol. 88 (2001) 269.

[18] Y. Lei, W. Chen, A. Mulchandani, Anal. Chim. Acta 568 (2006) 200.

[19] H. Nakamura, K. Suzuki, H. Ishikuro, S. Kinoshita, R. Koizumi, S. Okuma, M.
Gotoh, I. Karube, Talanta 72 (2007) 210.

[20] B. Heffernan, C.D. Murphy, E. Syron, E. Casey, Environ. Sci. Technol. 43 (2009)
6776.

[21] M.A.Jordan, D.T. Welsh, P.R. Teasdale, K. Catterall, R. John, Water Res. 44 (2010)
5981.

[22] Z.Du, H. Li, T. Gu, Biotechnol. Adv. 25 (2007) 464.

[23] N. Maximova, O. Dahl, Chem. Soc. Rev. 36 (2007) 1323.

[24] L. Liu, L. Shang, C. Liu, B. Zhang, S. Dong, Talanta 81 (2010) 1170.

[25] K. Morris, PhD dissertation, Griffith University, Australia, 2005,
p. 191.

[26] C.Liu, T. Sun, Y. Zhai, S. Dong, Talanta 78 (2009) 613.



	Native biofilm cultured under controllable condition and used in mediated method for BOD measurement
	Introduction
	Experimental
	NBF culture conditions and bioreactor
	BODMed measurement and electrochemical response
	Measurement of real polluted wastewater

	Results and discussion
	Characterization of the NBF bioreactor
	Optimizing culture condition of the NBF bioreactor
	Optimizing measurement condition of the NBF bioreactor
	Calibration and measurement of real polluted wastewater
	Long-term stability of the NBF bioreactor

	Conclusion remarks
	Acknowledgements
	Supplementary data
	References


