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a b s t r a c t

Monitoring biochemical oxygen demand (BOD) by mediator method (BODMed) has been developed for
recent years and deaerated condition was generally adopted to avoid the effect of oxygen, but the
deaerated condition was unfavorable in practical applications. Herein, we first proposed another way to
explore non-deaerated BODMed (called NDA-BODMed) method utilizing ferricyanide, which was reduced
by Escherichia coli upon catalyzing organic substrate to produce ferrocyanide. We attempted to explain
the feasibility of NDA-BODMed by the two aspects. Firstly, the obtained biodegradation efficiencies of the
bacteria under the deaerated and non-deaerated conditions were similar, and the concentration of O2

(0.25 mM at 8 mg/L O2) is 1–2 order of magnitude lower than that of mediator commonly used (55 mM
erricyanide
on-deaerated condition
. coli

ferricyanide), so the effect of O2 to measurements could be neglected. Secondly, the relationship between
the artificial and the natural electron acceptor was investigated, and it was found that the oxygen con-
sumption in the NDA-BODMed measurement was mainly contributed to endogenous values. Furthermore,
the performance of present NDA-BODMed was reported, and this method was optimized for measuring
the low-concentration samples, synthetic wastewater and real polluted wastewater. The NDA-BODMed

provides a simple and efficient way in rapid BOD determinations, especially advantageous for in situ
m.
monitoring of water syste

. Introduction

Biochemical oxygen demand (BOD) is an important parameter
f environmental indicator and 5-day biochemical oxygen demand
ssay (BOD5) is an international legislated standard test for BOD
onitoring [1]. The BOD5 assay is based on the biodegradation of

rganic substrate under the aerobic oxidation to measure the con-
umed dissolved oxygen in 5 days, which requires the complicated
rocedures, skilled analysts and is time-consuming. It is obvious
hat the BOD5 test is not suitable for rapid feedback information
n practice. To date, many rapid biosensors for BOD monitoring
ave been developed and those biosensors mostly depended on the
issolved oxygen as the terminal electron acceptor for biodegrada-
ion of organic substrates. However, the variations of the dissolved
xygen level in the sample solution may cause fluctuations in the
esult, and the accessorial instrument needed to be equipped to
upply air [2,3]. On the other hand, studies suggest that the oxygen-
ype BOD biosensor is limited by the concentration of oxygen in

ater (8.7 mg/L at 25 ◦C) and that sample dilution would further
ecrease the accuracy of BOD measurement [4]. Thus, the oxygen-
ype BOD biosensor is greatly restricted. In recent years, a rapid

ethod by using synthetic electron acceptor instead of oxygen for
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BOD measurement was developed [5–8]. The synthetic electron
acceptor shuttles electrons from the bacterial electron transport
chain to the electrode, so it is called a ‘mediator’ [9]. With the high
solubility of synthetic electron acceptor, the rapid mediator BOD
(BODMed) method overcame the problem of limitation from oxygen,
and the concentration of the mediator could be controlled during
the process of preparing solution [10].

So far, the BODMed method has been successfully attempted by
several groups and the enteric bacteria Escherichia coli combined
ferricyanide has been widely adopted, because its respiratory path-
way has been well investigated [11]. The metabolic processes of
microbe are dependent on a series of electron transport between
living and non-living system [12]. The large polymer molecules
(e.g. carbohydrates) and their constitutive blocks (e.g. hexoses)
would have the cleavage for producing the simple molecules, and
ultimately enter into a common pathway (e.g. tricarboxylic acid
cycle) and be oxidized to CO2 and H2O. In these processes, microor-
ganisms metabolized the organic substances under the aerobic
condition and the electrons were transported through a way by
electron transport chain to the oxygen [13]. Obviously, the process
for accepting electrons would be complicated, if both artificial and

natural electron acceptors coexisted. So it is easy to understand that
removing dissolved oxygen from the reaction samples was required
for BODMed method.

For a long time, the concept that the oxygen and the mediator
competed for accepting electrons seemed reasonable, so the deaer-
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ted condition for BODMed method was indispensable and widely
dopted. Here, a question has been arisen that the deaerated oper-
tion would disturb the sample solution to bring a fluctuation to
esponse of the result, and it was not suitable for monitoring the real
olluted water (such as the sewage treatment plant and the river,
tc.). The problem about deaerated condition for BODMed method
eing necessary or not was remained to argue all along. The lack
f such information represents a doubtless conclusion for explain-
ng the related problem. Previous work indicated that ferricyanide

as a preferable electron acceptor to oxygen in mediator method
14]. Similarly, others reported that ferricyanide was preferentially
educed to ferrocyanide when ferricyanide was present in the reac-
ion medium [15]. However, Yoshida et al. found that the redox
roteins in the respiratory chain of P. fluorescens were equally able
o use either oxygen or ferricyanide as the electron acceptor dur-
ng the anabolic process of the organic substances [16]. Ramsay and
urner [17] and Kalab and Skladal [18] reported that, as an electron
cceptor in the respiratory chain of aerobic bacteria, the relation-
hip of mediator and oxygen was competitive. It is known that the
ADH dehydrogenases act as ferricyanide reductases, which are

erminal components of the electron transport chain and couple the
xtracellular reduction of ferricyanide to the intracellular oxidation
f NADH [19]. The main question, such as the mediator accepting
lectron pathway and the order for accepting electron of the two
cceptors, had not been clear yet.

The environmental monitoring requires the increasing develop-
ent of on-line, rapid and inexpensive assays [20,21]. The objective

f the present work was to explore the non-deaerated method
called NDA-BODMed) instead of BODMed method. Comparing to the
onventional BOD5 method, the BODMed method increased the rate
f the biochemical reaction and allowed for biodegradative con-
ersion efficiencies similar to the conventional method in a short
ime [22]. The present NDA-BODMed method focused on resolving
he practical problem and offered a better means for engineering
ractice as compared to the BODMed method.

. Experimental

.1. Materials and instrumentation

The BOD198 standard glucose-glutamic acid (GGA) solution with
BOD value of 198 ± 31 mg O/L was prepared according to APHA
ethod contains 150 mg/L glucose and 150 mg/L glutamic acid

1,5]. Solution with other concentrations was prepared by appro-
riate dilution of the BOD198 standard solution with deionized
ater. The composition of organization for economic corporation

nd development (OECD) synthetic wastewater was as follows
g/L): peptone, 16; meat extract, 11; urea, 3; NaCl, 0.7; CaCl2·2H2O,
.4; MgSO4·7H2O, 0.2; K2 HPO4, 2.8. The BOD5 value of this solution

s defined as 14,000 mg O/L [23]. All chemicals used in this study
ere of analytical reagent grade and all solutions were prepared
ith deionized water being sterilized.

The dissolved oxygen measurement was completed by com-
ercial oxygen meter Thermo Orion 86A (Orion, America).

pectrophotometric measurements were conducted using a Cary
00 UV–vis-NIR spectrometer (Varian, America). Electrochemical
esponses were measured with a CHI 832 electrochemical analyzer
CHI Co., Shanghai, China). The setup was conducted in single-
otential time-base mode.
.2. Electrochemical measurements

The platinum array microelectrode (2 × 2 microdiscs of 25 �m
iameter each) was used as working electrode, and another Pt
as used as the counter electrode. A potential of −450 mV versus
2010) 1170–1175 1171

Ag/AgCl reference electrode was applied to the Pt-working elec-
trode throughout all measurements in 0.1 M potassium chloride
(KCl) as the supporting electrolytes. The working electrodes were
pre-treated by polishing in 0.05 �m alumina slurry on a polishing
cloth. A 5 mM ferrocyanide was used to evaluate the performance
of the electrode.

2.3. Microorganism and culture conditions

E. coli strain DH5� was maintained on Luria-Bertani (LB) agar
plates at 4 ◦C. The bacteria were cultured aerobically at 37 ◦C for 11 h
in a LB medium with shaking at 180 rpm. The culture was harvested
by centrifugation at 4000 rpm for 10 min at room temperature. The
cells were washed thrice in phosphate buffer solution (PBS, 0.12 M
Na2HPO4/0.08 M K2HPO4/0.1 KCl, pH 7) and re-suspended in the
same solution. The cell concentrations were adjusted to the desired
optical density measured at 600 nm (OD600) using the spectrome-
ter.

2.4. BODMed measurement under deaerated condition

All solutions were pre-purged for 15 min using oxygen-free
nitrogen at 37 ◦C in a water bath. The 15.00 mL sample mixture
for incubation was prepared with the following volumes: 2.50 mL
potassium ferricyanide, 5.00 mL test organic sample and 7.50 mL of
E. coli at the desired absorbance value. Endogenous control solu-
tions were prepared by adding PBS in place of the test organic
substrate. Generally, microbe OD600 5 and ferricyanide 55 mM were
adopted in the present work. To terminate the reaction, the sam-
ples were centrifuged with 10,000 rpm for 3 min. The supernatant
solution was then used for analysis of microbially produced ferro-
cyanide. The results were obtained by the mediate method with
direct accurate electron transfer number.

2.5. NDA-BODMed measurement

Before incubation, all solutions were incubated at 37 ◦C for
15 min, and then following the same procedure for preparation of
sample mixtures as that in Section 2.3. After mixing, the sample
solution (containing of microbial cells, potassium ferricyanide, and
organic substrate) was encapsulated into 1.5 mL eppendorf tube
and plugged.

2.6. Measurement of real polluted wastewater

The final concentrations of 55 mM ferricyanide and the OD600 5
E. coli were used for measuring the real polluted wastewater from
a sewage treatment plant. The sample solutions were incubated at
37 ◦C under both deaerated and non-deaerated conditions for an
optimized time (1 h for the present work).

2.7. Calculation of results

The ratios of the response of endogenous to the response of
total (Re/Rt) were obtained by calculating the proportion between
the response signal of endogenous and of the total response. The
biodegradation efficiency values were obtained according to Morris
[25].

2.8. The method for plate culture count
The final concentrations of 55 mM ferricyanide and the OD600
5 microbe were adopted, and 100 mg O/L GGA solution was used
for test sample. The same concentration of microbe without medi-
ator was used for control test. PBS was adopted to replace organic
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Fig. 2. (A) The oxygen consumption in the NDA-BODMed method. A high concen-
tration OD600 5 of E. coli and 55 mM K3[Fe(CN)6] were adopted. The blank control
was without K3[Fe(CN)6] and organic substrate, the endogenous control was with-
out organic substrate, and the test sample contained 100 mg/L GGA. (B) Endogenous
responses were obtained with BODMed method by monitoring the produced ferro-
ig. 1. The measurement of GGA solutions with BODMed method by E. coli under the
eaerated and non-deaerated conditions.

ubstrate for the blank test. The incubation time for BODMed exper-
ment was 1 h. After the BODMed experiment, the incubated sample
olutions were centrifuged for collecting bacterial cells and re-
uspended in the PBS (pH 7) with same volume. 1 mL of bacterial
olutions diluted by PBS were mixed into germination medium (LB
edium with 2% agar, w/v) and incubated in the nutritional plate

t 37 ◦C at 12 and 24 h for counting the colony forming units (CFU).

. Results and discussion

.1. Response obtained by the NDA-BODMed method

As a part of the preliminary investigation, we examined the pos-
ibility of obtaining response signal with the NDA-BODMed method.
s shown in Fig. 1, GGA solutions with different concentrations
ere measured by the BODMed method under the deaerated and

he non-deaerated conditions, and the BOD values were calculated
irectly by the electrons accepted by ferricyanide. As expected, the
esponses obtained from the two conditions were quite close. The
lopes of the curves under the deaerated and non-deaerated condi-
ions were 1.24 and 1.18, respectively. This result indicated that the
eaction of the microbe and mediator at the non-deaerated condi-
ion was feasible and the biodegradation efficiencies of E. coli under
oth conditions were similar. However, the measured values from
he deaerated condition were higher than that from non-deaerated
ase. This may be possibly caused by the competition between O2
nd ferricyanide for electron transfer and reoxidation of the pro-
uced ferrocyanide when O2 existed. But the effect of O2 on results
ould be neglected, because the concentration of O2 (0.25 mM at
mg/L O2) is 1–2 orders of magnitude lower than that of the medi-
tor (55 mM ferricyanide) used. It is obvious that the NDA-BODMed
as a feasible means for measuring the standard GGA solution.
y using the NDA-BODMed method, the equipments of air-supply
for oxygen-type BOD sensor) and oxygen exclusion (for BODMed

ethod) were not needed, resulting in quite a simple operation.

.2. Relationship between natural and artificial electron acceptor

The endogenous metabolism was an important factor affecting
he results of the BODMed method [24]. Fig. 2A reveals the dissolved
xygen consumption by NDA-BODMed method and the residual
issolved oxygen after incubation with microbe and organic sub-

trate. Here, the concentration OD600 5 E. coli and 100 mg O/L
GA solution were employed, and the dissolved oxygen was mon-

tored by Orion 862A meter. The blank control (without both of
ediator and organic substrate), the endogenous control (with-

ut organic substrate) and the assay (with both of mediator and
cyanide under deaerated (diamond) and non-deaerated (dot) conditions (without
organic substrate). The triangle was the difference by subtracting non-deaerated
from deaerated response.

organic substrate) experiments were conducted. The oxygen con-
sumption after incubation was 5.32 and 4.42 mg/L for blank control
and endogenous control, respectively. This result indicated that
the dissolved oxygen consumption has not been affected by the
mediator. Furthermore, the residual dissolved oxygen measured
for all samples was lower than 0.36 mg O/L (the detection limit of
instrument). Obviously, the oxygen consumption was mainly con-
tributed to endogenous metabolism, so the dissolved oxygen would
not influence the result of NDA-BODMed method.

The endogenous responses (without organic substrate) of
the microbe with different concentrations measured by BODMed
method were shown in Fig. 2B. The results were obtained by
the ferrocyanide produced in the endogenous metabolism process
under the deaerated and the non-deaerated conditions. As shown
in Fig. 2B, when the final microbial concentrations were lower than
OD600 1, the endogenous responses were below 1.8 mg O/L for both
conditions. The difference of endogenous responses between the
two conditions was lower than 1.0 mg/L. This reveals the endoge-
nous response of non-deaerated condition did not carry significant
disparity to that of deaerated condition. So the non-deaerated con-

dition could be acceptable in BODMed method.

The ratios of the response of endogenous to the response of total
(Re/Rt) under the deaerated, non-deaerated and aerated conditions
were further studied. As shown in Table 1, the GGA solutions with
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Table 1
Ratio of endogenous response to total response (Re/Rt) in BODMed method at different
conditions.

Condition Electron acceptor Re/Rt (%)d

100e 15f 5g

Deaerateda Ferricyanide 13 ± 1 57 ± 2 79 ± 5
Non-deaeratedb Ferricyanide and

limited oxygen
11 ± 2 43 ± 2 77 ± 6

Aeratedc Ferricyanide and
timely
supplemented
oxygen

15 ± 2 48 ± 1 82 ± 2

T a,b,c

i
d

s

t
a
u
o
s
e
c
e
t
s
c
f

3

B
c
s
a
(
r
t
a
t

i
I

F
5
1

Table 2
Biodegradation efficiencies of E. coli in the NDA-BODMed method.

GGA solution (mg O/L)a Biodegradation efficiencies (%)

30 min 1 h 2 h 3 h

50 37 61 66 77
100 23 60 66 77
200 16 43 55 62

concentrations were adopted for measuring the organic substrate
from 0.5 to 550 mg O/L GGA solutions. Based on the results, matched
component of 55 mM ferricyanide to OD600 5 microbe was suitable
for measuring the sample with the concentration below 100 mg O/L,

Table 3
Optimizing the NDA-BODMed method.

GGA solution (mg O/L) The NDA-BODMed value (mg O/L)
he superscripts letters indicate that the experiments were conducted by purg-
ng nitrogen gas for deaerated condition and supplying air for aerated condition;

indicates 55 mM ferricyanide and OD600 5 microbe; e,f,g indicate mg O L−1 GGA
olutions.

hree concentrations (the corresponded BOD5 values were 5, 15,
nd 100 mg O/L) were adopted for the measurement of Re/Rt val-
es under different conditions. Obviously, the significant disparity
f Re/Rt was obtained at different concentrations of the organic sub-
trates, and the insignificant disparity was obtained at different
xperimental conditions for same concentrations. This result indi-
ated that the difference between single electron acceptor and two
lectron acceptors coexisted was not in evidence. It was notewor-
hy that the Re/Rt reached to ∼82%, when the concentration of GGA
olution was 5 mg O/L. It indicates that the measurement of low-
oncentration organic substrate was not ideal and it was needed to
urther investigate.

.3. Performance of the NDA-BODMed method

As shown in Fig. 3, responses of organic substrate GGA with
OD5 value in the range of 5–400 mg O/L are obtained, and a linear
orrelation from 5 to 100 mg O/L (y = 2.80 + 0.90x, R = 0.9938) was
hown. When the concentration is higher than BOD5 100 mg O/L,
nother linear range between 100 and 400 mg O/L with lower slop
shown in insert) was seen. The results indicated that the bacte-
ial degradation efficiency was gradually decreased with increasing
he concentration of organic substrate, which may be caused by
mount of the mediator was lacked, and the ability of microbe for

ransporting electrons was limited.

As shown in Table 2, biodegradation efficiencies of the microbe
n NDA-BODMed were calculated according to the literature [25].
t is known that the average conversion rate of the standard

ig. 3. Measurement of GGA solutions with the BOD5 values in the range of
–400 mg O/L. Insert was the linear curve of GGA solutions in the range of
00–400 mg O/L.
300 14 34 42 54
400 12 30 34 45

a 55 mM ferricyanide and OD600 5.

substrate in 5-day BOD5 test was about 60% [4]. In the present
NDA-BODMed method when GGA solution was lower then 100 mg
O/L, the biodegradation efficiency of E. coli achieved 60% in 1 h
and 77% in 3 h. However, the biodegradation efficiency could not
achieve 60% even after 3 h when GGA solution was higher then
300 mg O/L. The result indicated that the biodegradation efficiency
of microbe by NDA-BODMed method is quite high, and it could
reach to the BOD5 level rapidly for measuring a certain concen-
tration range (below 200 mg O/L) of organic substrates within
3 h.

3.4. Optimizing the NDA-BODMed method

In fact, measuring of low-concentration organic substrate was
difficult, because the endogenous responses were excessive. For
example, the Re/Rt could be reached to 82%, when the microbe con-
centration was OD600 5 and the GGA solution was lower than 5 mg
O/L (see Table 1) in 3 h. So the NDA-BODMed method is needed to
be optimized. As shown in Table 3, the matched microbe (concen-
trations were showed by OD600) and K3[Fe(CN)6] with different
a b c d

550.0 91.5
400.0 181.8
300.0 153.8
275.0 68.6
200.0 129.8
137.5 50.8
100.0 90.1

73.3 35.2
68.8 33.6
40.0 44.0 12.2
36.7 26.5
30.0 32.9
20.6 14.8
20.0 20.6 6.3
18.3 17.9
15.0
10.0 8.4 5.1

9.2 8.7
6.9 4.9
5.0 4.2
2.8 1.6
2.5 3.4
1.5 1.8
0.9 0.7
0.5 1.1

a denotes 55 mM ferricyanide and OD600 5 microbe; b denotes 41.25 mM ferri-
cyanide and OD600 2.5 microbe; c denotes 27.5 mM ferricyanide and OD600 2.5
microbe; d denotes 11 mM ferricyanide and OD600 1 microbe.
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3.6. Affect the growth of E. coli

The effect of mediator to microorganisms was evaluated by plate
culture count. Fig. 5 reveals the colony forming units (CFU), which
ig. 4. Measurement of the glucose, OECD solution and real polluted wastewater.
he real polluted wastewater was from a sewage treatment plant with a BOD5 value
5 mg O/L, and the BODMed vales were obtained under the deaerated (diamonds) and
on-deaerated (triangle) conditions.

7.5 mM to OD600 2.5 microbe for sample below 18.3 mg O/L, and
1 mM to OD600 1 microbe for sample below 5 mg O/L, respectively.
urthermore, there were not ideal results for the six measuring
esponses in the matched component of 47.25 mM to OD600 2.5
icrobe (as shown in Table 3 b), which means that the ratio of
he microbe (OD600) and the K3[Fe(CN)6] (mM) with 1:11 was suit-
ble for the NDA-BODMed measurement. The analysis of the results
xplained that the low-concentration substrate might suitable to be
easured by decreasing the concentration of microbe and media-

or.
2010) 1170–1175

3.5. Responses to typical organic substances and real polluted
wastewater

Herein, for confirming the potential application of NDA-BODMed
method, various kinds of typical samples were measured. As shown
in Fig. 4A–C, the measurements of glucose, OECD solution and real
polluted wastewater were conducted under both deaerated and
non-deaerated conditions. All the calibration curves showed good
linearity with linear regression coefficients of 0.26 and 0.24 (R was
0.9940 and 0.9931) for OECD solutions, and that of 0.73 and 0.83
(R was 0.9995 and 0.9970) for glucose solutions under the deaer-
ated and the non-deaerated conditions. It was seen that the linear
regression coefficient of glucose was close to that of GGA solutions
(0.90, shown in Fig. 3), and whereas the linear regression coeffi-
cient of OECD (Fig. 4B) was ∼29% of GGA. Obviously, E. coli has
different biodegradation efficiencies for these organic substrates.
The OECD solution included large polymer molecules such as pep-
tone and meat extract, and the biodegradation of such substrates
were more difficult than that of glucose and GGA. Most impor-
tantly, a wide spectrum of organic substrates for biodegradation
was obtained in the NDA-BODMed method. The result indicated
that, the NDA-BODMed method just provided a good linearity in
a certain concentration range of organic substrate and the BOD
values could be calibrated by mathematic method (such as the
standard curve approach). Indeed, the selection of a more appro-
priate standard solution for wastewater measurements of different
biodegradation levels should lead to even more accurate BOD val-
ues.

The measurements of real polluted wastewater with differ-
ent dilutions were carried out by the BODMed method under the
non-deaerated and deaerated conditions. As shown in Fig. 4C, the
BODMed values were compared with BOD5 values under the two
conditions. In the conventional oxygen-type BOD biosensor, exten-
sive dilution of samples was necessarily adopted. So the gradient
dilution of sample was adopted in the present strategy for demon-
strating that the measurement of real polluted wastewater did
not need dilution. For dilution ratio 1 and 5 of samples, the rela-
tive standard deviations (RSD) by NDA-BODMed method with BOD5
values were 2.5% and 28.6%, respectively. A large RSD for the five-
fold dilution sample was obtained. It was noted that the result by
NDA-BODMed method for non-diluted sample was more close to
the BOD5 method. Usually, the RSD of ±15% for BOD measurement
was acceptable. So the present NDA-BODMed method could be used
for measuring real polluted wastewater without sample dilution.
Fig. 5. Colony forming units (CFU) was counted after incubation for 12 and 24 h, the
samples were incubated by 55 mM ferricyanide for 1 h.
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as counted after cultivation for 12 and 24 h. After 12 h, the bacte-
ial cells were 0.315 × 1010 and 1.16 × 1010 CFU/mL for the sample
olution (incubating for 1 h with 55 mM ferricyanide) and the blank
without mediator), respectively. The CFU of the sample solution
as 27% of the blank after 12 h, and the percentage increased up

o 70% after 24 h. We speculated the possible reason for the result
as that the negative effect of mediator to microbe could be recov-

red along with the culture extended. The result was significant
or that the immobilized microorganisms could be applied in prac-
ical application and the mediator type BOD biosensor could be
eveloped in future.

. Conclusion remarks

We had explored a novel NDA-BODMed method for measure-
ent of BOD and explained the feasibility of NDA-BODMed method.

he biodegradation level by the present method could be reached to
he conventional BOD5 method in 1 hour. The relationship between
he artificial and the natural electron acceptor was investigated,
nd it was found that the oxygen consumption in the NDA-BODMed
easurement was mainly contributed to endogenous values. The

egative effect of mediator to microbe could be recovered along
ith the culture extended. This method does not require both of air-

upply and deaerated equipment for rapid measuring BOD value
f real polluted wastewater. The present strategy offered a simple
ay for resolving the problems for the fluctuations of the response

esulted from the deaeration, and simplifying the constitution of
ODMed instrument. The NDA-BODMed method was proposed can
ffset the weakness in BODMed method and is more useful in prac-
ical application for environmental analysis.
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