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A novel biochemical oxygen demand (BOD) sensing method employing a ferricyanide

(FC) mediator immobilized in an ion-exchangeable polysiloxane was developed. The ion-

exchangeable polysiloxane containing alkylammonium groups (PAPS-Cl) was synthesized

by sol–gel reaction of 3-(aminopropyl)trimethoxysilane (APTMOS) catalyzed by hydrochlo-

ric acid. FC was combined in PAPS-Cl via ion-association and the product was labeled as

PAPS-FC, which was employed for a modified glassy carbon electrode. The apparent diffu-

sion coefficient (Dapp) of FC on the modified glassy carbon electrode was 9.8 × 10−11 cm2 s−1.

In a three-electrode system, a linear relationship between the anodic current responses and

glucose/glutamate (GGA) concentration was obtained up to 40 mg O2 L−1 (r = 0.994) when the

reaction mixture was incubated for 30 min. Single sensor and piece-to-piece reproducibility
olysiloxane

on-association

eawater

were less than 3.8 and 7.7%, respectively. The effects of dissolved oxygen, pH, tempera-

ture and co-existing substances on the BOD responses were studied. The sensor responses

to nine pure organic substances were compared with the conventional BOD5 method and

other biosensor methods. Detection results of seawater samples were compared with those

obtained from the BOD5 method and showed a good correlation (r = 0.988).

considerable effort has been expended on the development
. Introduction

iochemical oxygen demand (BOD) has been used widely for
everal decades as an index of organic pollution in industrial
astewater, effluent or natural water. The authorized assay for
easuring biodegradable organic levels is the 5-day biochem-

cal oxygen demand (BOD5) described by the American Public
ealth Association Standard Methods Committee [1]. BOD
5

s a measure of the quantity of dissolved oxygen consumed
y microorganisms during the biological oxidation of organic
olutes over a 5-day incubation period. However, this determi-
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nation requires not only a 5-day period but also complicated
procedures and skilled analysts to obtain reproducible results.
Therefore, it is time-consuming and not suitable for in situ
determinations or on-line measurements [2].

The long duration of the BOD5 assay is the most significant
drawback especially where rapid feedback is essential for envi-
ronmental monitoring and/or process control. Consequently,
tal Science, Xiamen University, Xiamen 361005, China.

of rapid BOD techniques. Since Karube et al. [3] first devel-
oped a rapid and reliable biosensor for BOD determination in
1997, several other types of microbial BOD sensor have been

mailto:xichen@xmu.edu.cn
dx.doi.org/10.1016/j.aca.2008.02.006
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applied [4–9]. Oxygen-based BOD biosensors, however, exhibit
low detectivity and narrow response ranges, due to limited
dissolved oxygen (8.84 mg L−1 O2 at 1 atm, 20 ◦C) [10], which is
the natural electron acceptor in aerobic microbial catabolism.
Fluctuating oxygen level in the sample also causes poor repro-
ducibility and reliability, unless sufficient oxygen supply is
incorporated into the biosensor [11].

More recently, bacterial catabolism has been monitored
by replacing oxygen with redox mediators that capture elec-
trons from a redox molecule in the electron transport chain
[12–15]. An oxidized mediator is reduced during its interac-
tion with a reduced electron transport chain molecule and
the reduced mediator is then quantified by an electrochemi-
cal method such as amperometry, voltammetry or coulometry.
In recent studies [10,16–27], great attention has been paid
to ferricyanide (FC), which has been proved to be an effi-
cient mediator for shuttling electrons from the redox center
of reduced bacterial enzymes to the electrode surface in the
presence of organic compounds. As with conventional aero-
bic catabolism in the oxidation of organic compounds, the
FC-mediated microbial system still involves the oxidation
of organic substrate to CO2 (Eq. (1)). However, the electrons
derived from this process, instead of being transferred to O2

to produce H2O, are passed to the FC ion, which is reduced
to ferrocyanide and then later re-oxidized to FC at a working
electrode (anode).

CH2O
reduced substrate

(i.e. organic material)

+ H2O

+ 4[Fe(CN)6]3−

ferricyanide
(electron acceptor)

Microorganisms−→ CO2
oxidized substrate

+ 4H+ + 4[Fe(CN)6]4−
ferrocyanide

(1)

The most significant advantage of using FC in place of O2

for BOD assay is its high solubility. This allows for higher
microbial populations without the rapid (rate-limiting) deple-
tion of the electron acceptor. Moreover, the need for excessive
dilution of samples is greatly reduced. Typical linear work-
ing ranges for the FC-mediated BOD assay are from 0 to
200–300 mg O2 L−1 for the standard glucose/glutamate (GGA)
solution [10,16,18,24,26]. This is greater than both the autho-
rized method and reported values for BOD biosensors [3,4,6].
However, FC was generally applied in an aqueous solution
in the reported FC-mediated biosensing approaches, and its
concentration kept at a high level, i.e. 40 mmol L−1 [10,27],
55 mmol L−1 [16,19,24]. This caused a large waste of FC.

Although some of the FC-mediated BOD sensors previously
reported have been designed for environmental application, it
seems that the performance of these sensors is still not sat-
isfactory. Their limitations, such as (a) the microorganisms
immobilized in current BOD assay are not able to be applied
in the samples containing a higher concentration of salt such
as seawater and (b) FC was generally applied in an aqueous

solution, which made inconvenient for on-line application.
To date, to our knowledge, the use of FC immobilized in a
thin film as the mediator for determination of BOD has not
been reported. In this paper, we reported the synthesis of an
a 6 1 2 ( 2 0 0 8 ) 75–82

ion-exchangeable polysiloxane containing alkyalammonium
groups by sol–gel reaction of 3-(aminopropyl)trimethoxysilane
(APTMOS) catalyzed by hydrochloric acid. The resulting solu-
tion of poly(3-aminopropyl)siloxane hydrochloride (PAPS-Cl)
was mixed with FC aqueous solution and then the FC ion was
successfully immobilized in the polymer via ion-association.
The product, PAPS-FC, was placed on a glassy carbon elec-
trode (GCE), and then TiO2 sol–gel was placed on the PAPS-FC
layer to protect it. We used organically modified silicate
(ormosil)–polyvinyl acetate (PVA) as a matrix, noted in Lin et
al. [8], in order to immobilize Exiguobacterium marius, Bacillus
horikoshii and Halomonas marina from seawater. Compared to
a single microbe, the combination of multi-microorganisms
can facilitate the assimilation of a broad range of organic com-
pounds [28]. A GCE with its PAPS-FC layer, TiO2 and microbial
film was used as the working electrode and applied for BOD
measurement.

2. Experimental

2.1. Reagents

3-(Aminopropyl)trimethoxysilane (APTMOS) and dimethyl-
dimethoxysilane (DiMe-DMOS) were purchased from Fluka
AG (Buchs, Switzerland). Tetramethoxysilane (TMOS) and PVA
were purchased from Aldrich (Milwaukee, WI, USA). GGA
stock solution was prepared by adding 0.0750 g glucose and
0.0750 g l-glutamic acid to 100 mL phosphate buffer (PB) solu-
tion (0.01 mol L−1 KH2PO4/0.01 mol L−1 Na2HPO4, pH 7.7). The
stock solution corresponds to a BOD of 1000 ± 185 mg O2 L−1

[2]. Lower strength BOD standards were prepared by appro-
priate dilution of the GGA stock solution in PB solution. All
other chemicals used in this study were of analytical reagent
grade and all solutions were prepared in deionised distilled
water.

2.2. Apparatus

Electrochemical responses were measured with a CHI 660 Elec-
trochemical Analyzer (CHI Co., Shanghai, China). A standard
three-electrode cell consisting of an Ag/AgCl (saturated KCl)
reference electrode, a platinum wire auxiliary electrode, and
a modified GCE working electrode was used. All potentials
referred to the Ag/AgCl (saturated KCl) reference electrode. A
LEO-1530 scanning electron microscope (SEM) (Oxford Co., UK)
with an accelerating voltage at 20 kV was used to record the
film images. An EA1110 VarioEL (CARLO ERBA, Italy) was used
to analyze the elements. FTIR measurements were used to
analyze the chemical bonding, and FTIR spectra were recorded
using an FT-IR740SX spectrometer (Thermo Nicolet Co., USA).
An FACS Aria flow cytometery (BD Co., USA) was used to
control the concentration of the microorganisms. An UV–vis
spectrophotometer (DU 7400, Beckman, USA) was used to
determine the growth curve of the microorganisms.

2.3. Microorganisms and cell cultures
Three microorganisms, E. marius, B. horikoshii and H. marina,
were applied in the BOD sensing film. E. marius, B. horikoshii
and H. marina were obtained from the College of Oceanog-



c t a

r
m
p
m
m
t
s
6
p
s
c
r
i
1
c
v

2

O
0
6
o
m
i

2

B
i
t
s
t

2
T
o
s
l
s
v

2
A
v
p
T
[

a n a l y t i c a c h i m i c a a

aphy and Environmental Science, Xiamen University. These
icroorganisms were cultured in a medium containing 0.1%

eptone, 0.1% yeast cream, 0.1% sodium acetate, 0.1% vita-
in B and 0.1% microelements in seawater, respectively. All
icroorganisms were grown under standard aerobic condi-

ions in a rotating shaker at 35 ◦C for 24 h to achieve their initial
tationary phase, and then harvested by centrifugation at
000 rpm for 10 min at room temperature, washed twice with
hosphate buffer of pH 7.7 and resuspended in the same buffer
olution. The quantities of microorganisms after a day of
ultivation were 2.88 × 109, 2.84 × 109 and 1.97 × 109 cell mL−1,
espectively. In addition, the quantities of microorganisms
n PB solution cultured asynchronously were adjusted to be
09 cell mL−1, which indicated the quantities almost remained
onstant. The microorganisms were used on the day of culti-
ation.

.4. Immobilization of microbial cells

rmosils were prepared by mixing TMOS, DiMe-DMOS and
.01 mol L−1 HCl (1:1.2:1, v/v/v). The precursors were stirred at
0 ◦C for about 2.5 h. After cooling to room temperature, 500 �L
rmosils was mixed with 500 �L 5% (w/w) PVA. Then 200 �L of
icroorganisms (E. marius: B. horikoshii: H. marina, 1:1:1, v/v/v)

n solution were added into 200 �L ormosil–PVA mixture.

.5. Fabrication of the biosensor

efore being used, a GCE (6 mm in diameter) was pol-
shed sequentially with 1.0, 0.3 and 0.05 �m �-Al2O3, rinsed
horoughly with deionized water after each polishing step,
onicated in deionized water successively and then allowed
o dry at room temperature.

.5.1. Synthesis of TiO2 sol–gel
etrabutyl titanate (1 mL) was added in dropwise to a mixture
f 16 mL ethanol and 0.7 mL hydrochloric acid in an aqueous
olution (1:1, v/v) in an open conical flask, and then polyethy-
ene glycol was added. The reaction solution was magnetically
tirred for 6 h. Finally, the product was transferred to a sealed
ial and sonicated for 20 min.

.5.2. Synthesis of PAPS-Cl and PAPS-FC
PTMOS was mixed with 0.50 mol L−1 HCl (1:10, v/v) in an open

ial, and the mixture stirred for 2 h at room temperature. The
rocess for the synthesis of PAPS-Cl is shown in Scheme 1.
he ideal chemical formula of PAPS-Cl [Cl/NH3 (CH2)3SiO1.5]n

29] was employed. The results of element analysis were: C,

Scheme 1 – Synthe
6 1 2 ( 2 0 0 8 ) 75–82 77

19.5; H, 6.5; N, 8.2; Cl, 30.2; Si, 21.3; O, 14.3%, which were quite
similar to the theoretical calculation.

PAPS-Cl solution was mixed with FC (10 mmol L−1) aqueous
solution (1:3, v/v), and the solution was placed in the dark until
the color of the mixture faded, which indicated that the fer-
ricyanide ion was successfully exchanged to the polymer via
ion-association. The solution was poured into a large amount
of acetone to precipitate PAPS-FC product. The precipitates
were collected by filtration, washed with acetone, and then
dried at room temperature. The resulting product PAPS-FC and
PAPS-Cl were measured by FTIR. The FTIR spectrum of PAPS-
FC exhibited a new peak at 2034 cm−1 corresponding to –C N
stretching, which confirmed that [Fe(CN)6]3− was combined
with PAPS-Cl.

2.5.3. Fabrication of the BODFC biosensor
An aliquot (3.0 �L) of the PAPS-FC solution obtained was placed
onto the GCE surface and allowed to dry in the dark for 24 h
(Fig. 1a). Then the same volume of TiO2 sol–gel was placed
on the PAPS-FC layer to protect it (Fig. 1b) and the modi-
fied electrode was successfully fabricated. The thickness of
the modified film was estimated to be 30 �m via SEM (Fig. 2).
Twenty microliters of the mixture of sol immobilized micro-
bial cells was spread onto the dried modified film in order to
construct the BODFC biosensing film.

3. Results and discussion

3.1. General properties of [Fe(CN)6]3− ions in the
modified electrode

Cyclic voltammetry was used to study the redox behavior
of [Fe(CN)6]3− ions in the modified electrode. Fig. 3a shows
cyclic voltammograms (CVs) of PAPS-Cl film and PAPS-FC
coated by TiO2 sol–gel on a GCE, respectively. For the elec-
trode coated with PAPS-FC film protected by TiO2 sol–gel, an
obvious reversible CV response, whose anodic and cathodic
peak potentials were at 0.267 and 0.212 V. Comparatively, as
shown in Fig. 3a-B, no redox current could be found for the
PAPS-Cl modified film. The CV profile of PAPS-FC was quite
similar to that of ferricyanide in aqueous solution shown in
the inset of Fig. 3a. This result indicates that FC ion immobi-
lized in the polymer kept its original electrochemical activity

well, which ensured a sufficient sensitivity and reproducibility
for the BODFC application.

Apparent diffusion coefficient (Dapp) is an important
parameter used to study the mechanism of charge transmis-

sis of PAPS-Cl.
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Fig. 3 – (a) Cyclic voltammograms of (A) PAPS-Cl film and (B)
PAPS-FC film coated by TiO2 sol–gel on a GCE separately;
and (b) successive potential cycling (100 cycles) of the
modified electrode. The inset was CV of ferricyanide in
Fig. 1 – SEM images of the GCE coated with (a) PAPS-FC film
and (b) the PAPS-FC film protected by TiO2 sol–gel.

sion in the modified film on an electrode surface. In this study,
Dapp of [Fe(CN)6]3− ions was estimated using a chronoamper-
ometry [30] method and Cottrell’s equation (Eq. (2)),

Q(t) = 2nFAD1/2
appCt1/2

(�1/2)
(2)

where Q(t) is charge at time t, F is Faraday’s constant, A is the
electrode area in cm2, n the total number of electrons involved

in the electrode reaction, and C the concentration of the redox
compound in mol cm−3.

Eq. (2) indicates Q(t) is linear with t1/2, and the experiment
confirmed this. Q(t) was gained from the integral of anodic

Fig. 2 – SEM image showing the thickness of the PAPS-FC
film protected by TiO2 sol–gel.
aqueous solution, the electrolyte was 0.01 mol L−1 PB
solution, the scan rate was 50 mV s−1.

peak swept at low scan rate. Using the plot of Q(t) versus t1/2,
electrode area and C, the diffusion coefficient was calculated
to be 9.8 × 10−11 cm2 s−1.

3.2. Effect of the FC ion concentration in the PAPS-FC
solution

The dependence of FC ion concentration in the PAPS-FC solu-
tion on the sensor response was examined. When PAPS-Cl was
mixed with FC solution (10 mmol L−1) in the ratio of 6:1 (v/v),
the resulting FC ion concentration in the PAPS-FC solution was
about 1.4 mmol L−1 and the PAPS-FC solution was fabricated

as the biosensing film. The anodic current response increased
proportionally to the GGA solution up to 5.0 mg O2 L−1 (0,
2.5, 5.0 mg O2 L−1) and then remained constant in the higher
concentrations of GGA. The effect of biosensing films with
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ifferent concentrations of FC on 100 mg O2 L−1 GGA was stud-
ed. The sensing response for 100 mg O2 L−1 GGA solution
ncreased with the increased concentration of FC. Finally, the
atio of PAPS-Cl solution to FC (10 mmol L−1) aqueous solution
1:3, v/v) was adopted.

Compared with the previous reports [10,16,19,24,27], the
oncentration of FC used in this approach was much lower.
n addition, FC was immobilized in the modified film and the
osage of PAPS-FC dropped on the GCE surface was only 3.0 �L.
bviously, less amount of FC was consumed in this method.

.3. Ormosils–PVA material for microorganism
mmobilization

lthough PVA is a kind of nontoxic and hydrophilic mate-
ial to the immobilization of microbial cells and is capable
f maintaining the maximum microbial activity, it readily
ilates in water and even flakes away from the microbial
lm. The mixing PVA with ormosil can effectively overcome
hese shortages. The presence of DiMe-DMOS in the ormosil
ncreases the film hydrophobicity since two methyl groups
n DiMe-DMOS do not undergo hydrolysis through the typi-
al sol–gel process. Si–CH3 group replaces the Si–OH groups
n DiMe-DMOS consequently enhances the surface hydropho-
icity. Furthermore, the increase of DiMe-DMOS content in the
ensing film improves its response and the flexibility. However,
urther increase the DiMe-DMOS content will not guarantee
he sufficient solubility of PVA. Under our preparation condi-
ions, the optimized volume ratio of DiMe-DMOS to TMOS was
elected as 1.2:1. In addition, although a higher PVA content
n the BOD sensing film caused higher response intensity and
ess response time, the film began to dilate and flake away
rom microbial film when the percentage of PVA reached at
%. In the experiment, a content of 5% PVA in ormosil was
elected.

.4. Effect of dissolved oxygen, pH, temperature and
o-existing substances

he influence of dissolved oxygen on the sensor response was
tudied. Sample solutions with different BOD values were oxy-
en saturated or deaerated by purging oxygen-free nitrogen
as for 20 min. For a definite sample solution, there was no
ignificant difference comparing the response obtained from
xygen saturated state or that obtained from the deaerated

olution, which confirmed that ferricyanide is a preferable
lectron acceptor to oxygen under the experimental condition.

The physiological state of the microorganisms, in particu-
ar their respiratory activity, strongly depends on the solution

Table 1 – Effect of some coexisting metal ions on the response o

Mn+ �I/I0 (%) Mn+ �I/I0 (%)

Al3+ −4.58 Fe3+ 4.26
Cu2+ −8.12 Zn2+ −3.58
Co2+ 1.62 Mg2+ 3.54
Cr3+ −1.32 Mn2+ −3.03

a �I = I − I0, where I was the current response after coexisting substance ad
6 1 2 ( 2 0 0 8 ) 75–82 79

pH. BOD responses in different pH solution from 5.5 to 8.3 were
investigated at a constant BOD concentration of 100 mg O2 L−1.
The response current increased with the increase of solution
pH, reached a maximum value at pH 7.3 and then decreased
slightly. Generally, according to the measurement, the pH of
the seawater around Xiamen area is about 7.7. In subsequent
experiments, the solution pH was adjusted to 7.7 using phos-
phate buffer solution.

Temperature is an important factor affects the activity and
metabolism of microorganism. An appropriate temperature
promotes the respiration and the activation of microorgan-
isms. For the film of sieved bacteria from seawater, the
optimum temperature was studied in the range 15–45 ◦C, and
found that a suitable temperature was 35 ◦C. The current
response reversely decreased when the temperature exceeded
the value due to the inactivation and denaturalization of
microorganisms in the sensing film. Considering the stability
of PAPS-FC modified film turned worse at a higher temper-
ature due to the quick leakage of [Fe(CN)6]3− from PAPS-FC,
25 ◦C was chosen in the experiment for longer lifetime of BOD
sensor.

Chloride ion is a common component of seawater with an
average concentration of 3.2%. In general, chloride concentra-
tion affects the activity of microorganisms, but the activity of
the selected microorganisms was not obvious change since
the microorganisms were all selected and cultivated from
the seawater. In addition, although the higher concentra-
tion of chloride ion might affect the stability of PAPS-FC film
simultaneously due to the electrostatically driven exchange
mechanism [31]. Therefore, the electrolyte containing only
phosphate buffer (0.01 mol L−1) was selected.

The effects of co-existing compounds including some
metal ions at 1 mg L−1 on the current response in 10 mg O2 L−1

GGA solution were investigated. As shown in Table 1, the pre-
pared BOD sensing films defended the effects of most metal
ions well, but Ag+, Pb2+ or Cu2+ led to an obvious decrease for
the response by 12.68, 10.75 and 8.12% owing to their toxic-
ity to the microorganisms. Fortunately, the concentrations of
toxic cations are generally at a lower level in seawater.

3.5. Stability of the sensor

Under the selected optimum conditions, the sensor was
immersed in PB solution and the stability of the sensor was
evaluated by monitoring its CV response. The concentra-

tion of the supporting electrolyte affects the sensor stability
since a competitive exchange between the supporting elec-
trolyte and [Fe(CN)6]3− occurred on the sensing film. Obviously,
although a suitable concentration of the supporting electrolyte

f BODFC sensor

Mn+ �I/I0 (%) Mn+ �I/I0 (%)a

Ba2+ −4.12 Sn2+ 2.32
Ni2+ 2.52 Pb2+ −10.75
Ag+ −12.68 – –
Ca2+ 2.21 – –

ded, and I0 was the current response without coexisting substance.
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Fig. 4 – (a) Cyclic voltammograms of BODFC biosensor in the
absence (solid line) and the presence of 100 mg O2 L−1 GGA
(dash line) and (b) calibration curve for GGA. The inset
indicates the linear response (0.01 mol L−1 PB solution, and
the scan rate was 0.01 V s−1). Each sample was repeatedly
80 a n a l y t i c a c h i m i c a

was a necessary factor for electrochemical measurement,
higher concentration of supporting electrolyte was not suit-
able for the [Fe(CN)6]3− immobilization. In the experiment,
0.01 mol L−1 PB solution was selected. According to the exper-
imental results, the sensor current response became stable
after five reduplicate measurements. In the following 0.5–4 h
application, only a 5.2% current intensity decrease could be
found for the prepared sensor.

3.6. Calibration curve for GGA

Various concentrations of the standard GGA solution were
applied to obtain a calibration curve. Before the determina-
tion, the working electrode was immersed in 0.01 mol L−1 PB
solution at pH 7.7 for about 0.5 h until the response current
was steady (Fig. 3b). Then the corresponding anodic current
of each concentration of GGA solution was recorded after the
biosensing film was soaked in the GGA solution for 30 min
incubation. Cyclic voltammograms of BODFC biosensor in the
absence and the presence of GGA solution were given in
Fig. 4a. The current response increased with the addition of
GGA solution. As shown in Fig. 4b, the biosensor presented a
linear relationship with the anodic current intensity of the
BODFC biosensing film and GGA solution over the range of
1.2–40 mg O2 L−1 (y = 2.907 + 0.037x, r = 0.994, n = 5). The detec-
tion limit was calculated as 0.8 mg O2 L−1 according to the
specific formula [32]. The repeatability for each single sensor
was evaluated at 20 mg O2 L−1 GGA solution (seven replicates).
The relative standard deviation was calculated to be 3.8%. The
reproducibility of the sensor was performed using six biosens-
ing films prepared in the same batch, and was 7.7% at the same
concentration of GGA.

3.7. Sensor responses to organic substances

BOD determination is used to determine the amount of oxy-
gen which is utilized as microorganisms oxidize biodegradable
organic substances in various water samples. A BOD sen-
sor should, therefore, have the ability to detect a wide range
of organic substances. Hence, the BOD values for various

kinds of pure organic substances were measured using the
BODFC sensor to confirm the characteristics of the method.
The BOD values obtained by the sensing film were determined
using the same procedure described above for GGA measure-

Table 2 – Comparison of BOD values of various organic samples

Substrate BODFC
a BODDM [10] BODSM [2

Glucose 0.65 1.13 1.54
Fructose 0.38 0.74 0.35
Histidine 0.52 0.63 0.27
Sucrose 0.42 0.40 0.35
Glycine 0.36 0.25 –
Citric acid 0.48 0.18 –
Glutamic acid 0.16 0.15 0.59
Soluble starch 0.12 0.03 –
Lactose 0.02 0.07 0.02

Values are expressed in mg O2 mg−1 substrate.
a Concentration of each pure organic substance was 50 mg L−1. Each resul
analyzed five times.
ment. A solution of each pure organic substance was prepared
at 50 mg L−1 and each sample was repeatedly analyzed five
times. Table 2 indicates the substrate specificity of the BODFC

sensor method relative to the reported data from BODDM [10],

5] BODSPV [33] BODLUM [34] BOD5 [10]

0.66 0.62 0.50–0.78
0.73 0.57 0.71
0.34 – 0.55
0.45 0.50 0.49–0.76
0.36 0.50 0.52–0.55
0.18 – 0.63–0.88
0.40 0.73 0.64
0.07 0.02 0.22–0.71
0.04 0.31 0.45–0.72

t represents the average of five reduplicate measurements.
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Fig. 5 – Correlation of the BOD values for sea samples
calculated using the BODFC method with those obtained
using the BOD5 method (28 April 2006, sampling places:
E118◦06′04.0′′, N24◦26′00.9′′; E118◦05′31.4′′, N24◦26′07.8′′;
E118◦05′53.0′′, N24◦26′05.0′′; E118◦06′32.1′′, N24◦25′53.4′′;
n
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= 5).

ODSM [25], BODSPV [33], BODLUM [34] and BOD5 [10] for these
ompounds.

It was obvious that the sensing response to glucose was
igher than that to the other substances. This was probably
ue to the activity of glucose dehydrogenase located on the
ytoplasmic membrane and also to the metabolic processes
nvolved in the respiratory chain. The responses of sucrose
nd histidine obtained by our BODFC sensing film were quite
imilar to those obtained by BOD5. While the most important
equisite for the microorganisms used with the BOD sensor is
o have a wide substrate spectrum for degradation, it would
e extremely unlikely to present the same spectra for differ-
nt microbial species. Therefore, the results indicated that the
ODFC approach is sufficiently adequate to be applied to BOD
etermination.

.8. Real samples application

enerally, the BOD value of clean seawater is lower than
mg O2 L−1. The BOD sensor was used to determine the BOD
alues of seawater from around Xiamen University, China,
nd the results were compared with the standard method
OD5 (Fig. 5). Seawater samples from different sampling sites
ere filtered through a membrane filter (10 �m) before being

ested using the BODFC method. The activity of microorgan-
sms was evidently increased after an effective activation.
s can be seen from Fig. 5, BODFC values were generally

arger than those obtained using BOD5 method. A main rea-
on could be considered that microorganisms in the BODFC

ensing film was adequately activated, which increased the
bility of microorganisms to decompose organic substances.

lthough visible standard deviations were found in Fig. 5, the
btained results by the BODFC and BOD5 methods presented a
ood correlation (r = 0.988, n = 5). These results demonstrated
hat the BODFC method is valid for the determination of BOD in
eawater.
6 1 2 ( 2 0 0 8 ) 75–82 81

4. Conclusions

In this study, we constructed a novel FC-mediated biosensor
by immobilizing E. marius, B. horikoshii and H. marina from sea-
water. The mediator, FC, was combined on the polymer film
via ion-association. A calibration curve ranging from 1.2 to
40 mg O2 L−1 was obtained, and the minimum measurable BOD
was 0.8 mg O2 L−1. In addition, the BODFC sensing responses to
pure organic substances were examined, and the results were
synchronously compared to the conventional BOD5 method
and other BOD sensor methods. In this investigation, the
BODFC method offers a wide range of assimilability to sev-
eral categories of organic substances. Finally, comparing the
responses of seawater samples obtained by BODFC with the
standard BOD5 method, the BODFC method was proved to be
valid for BOD determination.
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