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Abstract: A flow injection cell-based biosensor was constructed for 2.4-dichlorophe-
nol {DCP) analysis by using a Clark-type oxygen electrode as a transducer. A mixed
bacterial colture capable to biodegrade DCP was immobilized between a Teflon
membrane and a dialysis membrane and attached to the oxygen electrode. Optimization
of the flow rate. the injection volume, the carrier buffer concentration, and pH was
carried out. Under optimum conditions (100mM phosphate buffer, pH 7.50; flow
rate 0.10mL min~'; sample volume 100puL), the sensor response was lincar
between 0.01 and 0.30mM DCP. The detection limit was 0.02mM DCP, and the
scnsor was quite stable during 5 days of operation,

Keywords: Biosensor, chiorophenol, DCP, environmental pollution

INTRODUCTION

Chlorophenols are common environmental pollutants as a result of being
widely used in various industrial processes (Annachhatre and Gheewala
1996; Antonopoulos et al. 2001; Czaplicka 2004; Abd-El-Haleem et al.
2003). Hence, because of their toxic properties and ubiquity in the environ-
ment, the U.S. EPA has classified 2,4-dichlorophenol (DCP) and many
other chlorophenols as priority pollutants in water (Czaplicka 2004; Yee and
Wood 1997). Likewise, the International Agency for Research on Cancers
(IARC) has listed various chlorephenols as possible human carcinogens.
Hence, it is important to develop fast, reliable, sensitive, and cheap analytical
methods svitable for their detection‘fwm contaminated streams (Timur et al.
2003).

A number of sensitive and specific analytical methods have been
developed (Timur et al. 2003). The most conventional is based on spectrophoto-
metric detection monitoring the colored derivative formed when reactants
are coupling with 4-aminoantipyrine (4-AAP). An inherent problem is,
however, that the enol-keto equilibrium disturbs phenol analysis. In addition,
certain p-substituted phenols show negligible response or do not react at all
with 4-AAP. Finally, the method is sensitive to pH variations and it can be
difficulty to find suitable bufters for the reaction (Kang et al. 2000). Other
analytical techniques for the determination of phenolic compounds are based
on gas or liquid chromatography combined with various detection methods.
However, these analytical methods require extensive sample preparations,
which often include a preconcentration step that is relatively time-
consuming, requires skilled operators, and remains expensive with regards
to the costs for equipments and the use and disposal of high-grade solvents
(Puig and Barcelé 1996; Lee et al. 1998; Bagheri, Mohammadi, and Selemi
2004; Kojima, Tsunoi, and Tanaka 2004).

The development of bioassays, mainly immunoassay and biosensors, has
been considerable in the last few years because of the need to develop fast and
cost-effective technologies suitable for on-site applications or for potlutant
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screening prior to chromatographic analysis. Several immunoassays are
commercially available for the detection of organic contaminants, but biosen-
sors remain highly promising because of their faster response, ease to operate,
and lower cost (Timur et al. 2003; Puig and Barcelé 1996). Enzymes may be
used for construction of phenol bioelectrodes (Anh et al. 2002; Dzyadevych
et al. 2002; Rajesh, Takashima, and Kaneto 2004; Nandakumar and
Mattiasson 1999), but these biosensors are often unsiable because of fouling of
clectrodes by accumulation of polymerization products formed by the resulting
quinines. Another reason may be inactivation of enzyme by these reactive
products. Altemnatively, whole cells and plant tissue from various fruils and
vegetables have been combined with suitable electrodes. Microbial whole
cell sensors are inexpensive and easily produced, possess sensitivity and
stability comparable with those of enzyme sensors, and no additional efforts
are needed for purification of enzyme. However, they usually lack the high
selectivity that purified enzyme preparations offer and must be carefully
optimized (Timur et al. 2003; Mauiasson 1983; Skladal, Morozova, and
Reshetilov 2002).

In this study, an amperometric biosensor using bacterial cells was
developed for the detection of 2.4-dichlorophenol (DCP). A mixed bacterial
culture was obtained from a biofilm reactor used for chlorophenols biodegra-
dation, and the sensor signals were based on the measurement of respiratory
activity of the cells.

METHODS AND MATERIALS

All chemicals were commercially available and of reagent grade. All solutions
were prepared with ultrapure water (Mill-Q water purification system,
Millipore). All experiments wéle conducted at room temperature (23 + 2°C)

Inoculum Preparation and Culture Conditions

A mixed bacterial culture taken from an aerobic biofilm reactor used for
chlorophenol biodegradation and able to biodegrade DCP as a sole source
of carbon and energy was used as inoculum. It was first enriched in mincral
salt medium (MSM) supplicd with DCP (S0mgL™") as sole source of
carbon and energy. This mixture was maintained by transferring the culture
to 500 mL of fresh MSM every 10 days and was used as inoculum and for
biosensor preparation in the following experiment. The MSM contained
(mgL™"): K;HPO, 4000, Na,HPO, 5200, KNO, 3000. CaCl,-TH,0O 10,
MgS0,-TH,O 500, FeSO,-7H,0 10, MnCl,-4H,0 5.5. ZnCl, 0.68,
CoCl;-6H,O 1.2, NiCl;-6H,O 1.2, CuCl,-2H,0 0.85, HaBO, 0.0031,
NaMoO, - 2H,0 0.012, NaSeQO, - SH,0O 0.013, and NaWO, - 2H,0 0.0165.
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Preliminary Tests

Serum flasks of 120 mL were filled with 65 mL of liquid growth medium con-
taining DCP at 20, 50, 80, 110, and 150 mg L™! and inoculated with 5 mL. of
bacterial mixture. The flasks were then sealed with mbber septa to allow gas
sampling from the flasks’ headspaces and agitated at 120 rpm on a rotary
shaker. Gas samples were thereby petiodically taken to follow the microbial
activity. When necessary, liquid samples were taken for chemical analysis
(DCP analysis by HPLC).

Biosensor Construction

Microbial culture (75mL) was centrifuged for S min. After discharging the
supernatant, the cells were washed once with SmL of 100mM potassium
phosphate buffer (KH,PO,-K;HPO,, pH 7.50) during 2-3 min before being
centrifuged again. The supernatant was discharged, and the cells were sus-
pended in phosphate buffer and gently stirred during 12h. The suspended
cells were then centrifuged, and the supernatant was discarded. The cell
pellet was used as a cell paste for construction of a biomembrane,

A sample of cell pellet was placed on a Teflon membrane (PTFE,
thickness 10 pm, Goodfellow, Cambridge, UK) and soaked with 100mM of
potassium phosphate buffer. A dialysis membrane (Spectra/por® 2-dialysis
membrane, MWCO 12,000-14,000, Spectrum Laboratories, Inc., Houston,
TX) was added to cover the cell preparation in such a way that no air
bubbles were trapped. The Teflon side of the synthetic bilayered membrane
containing microbial cells was placed toward the cathode of an oxygen
electrode. Electrolyte was filled in the space between the synthetic biomem-
brane and the Clark electrode. The synthetic biomembrane was then fixed
on the surface of the Clark clectrode by means of a rubber O-ring. The
sensor was placed in the flow cell, and 100mM of potassivm phosphate
buffer (pH 7.50) was passed through the flow cell to stabilize the sensor
during 12h prior to use for 24-dichlorophenol analysis. The sensor was
placed in a wall-jet flow cell with a modified cover to hold the sensor. The
working and reference electrodes of the sensor were connected to a potentio-
stat (Ziita-Elektronik, Hoér, Sweden), and the output was recorded on a chart
recorder. An applied potential of —600 mV vs. Ag/AgCl was delivered to the
Pt-working electrode during all measurements. The flow cell was integrated
into a flow injection system equipped with an injection vaive (VICI; Valco,
Europe, Schenkon, Switzerland), an injection loop (100 pL; Valco), a peristal-
tic pump (U4-MIDI; ALITEA®AB, Stockholm, Sweden), and equipment to
aerate the buffer in the buffer reservoir. The flow rate through the system
was 0.10mL min~!, and an aerated 100 mM of potassium phosphate buffer
(pH 7.50) was used as a carrier stream (Liu, Bjornsson, and Mattis 2000;
Hikansson and Mattiasson 2004).
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Measurement and Optimization

Dissolved oxygen diffuses from the acrated phosphate buffer through the
dialysis membrane, where a part of the oxygen is consumed by the immobi-
lized bacteria. The remaining oxygen then continuously diffuses through the
gas-permeable Teflon membrane and can be measured by the oxygen
electrode. When 2.4-dichlorophenol is injected into the sensor system, it
diffuses through the dialysis membrane where it is biodegraded by the
immobilized bacteria, resulting in an increase of bacteria respiration rate
and oxygen consumption. Therefore, less oxygen diffuses through the
Teflon membrane, resulting in a decrease in the output sensor signal.
Becanse the process is controlled by substrate diffusion, the sensor signal
should be proportional to the concentration of the pollutant in the
sample.

The sensitivity and the response time of the biosensor were optimized by
injecting DCP at concentrations ranging from 0.03 to 0.50 mM under various
conditions of flow rates, sample volumes, buffer pH values, and buffer concen-
trations (Table 1). For each set of parameters tested, the sensitivity of the
biosensor was calculated as the regression coefficient of the sensor response
vs. DCP concentration. Thereafter, all experiments were conducted under
optimum conditions.

To determine the linear pollutant concentration range for analysis and
the limit of detection, DCP was analyzed at concentrations ranging from
0.01 to 0.75mM. The influence of phenol, 2-chlorophenol. 4-chlorophenol,
trichlorophenol, glucose, sucrose, sodium acetate, and citric acid was then
tested by injecting mixtures of either of these compounds at ¢.i0mM
together with 0.10mM DCP. Finally, the stability of the biosensor was
tested cvery day by assaying injections of DCP in the concentration
range 0.02-0.30mM. The calibration graphs were plotted, and the sensi-
tivity at each day was determined. When the sensor was not used, the
flow injection system was slowly perfused with 100mM phosphate
buffer.

Table I. Biosensor oplimization

Parameter” Optimum values Sensitivity Response time
Flow rate (mL min~") 0.10 19.2 12
Sample volume (L) 100 69.4 16
Buffer pH 7.50 25.0 12
Buffer concentration (mM) 100 25.0 12

“The default parameter values are (only cne parameter was changed at the time):
flow rate, 0.10 mL min~'; sample vol,, 100 uL; buffer pH, 7.50 and buffer concen-
tration. 100 mM.
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Analysis

Gas samples were analyzed by GC-TCD according to Borde et al. (2003).
Liquid samples were analyzed for chlorophenol contemt by HPLC-UV
(Elution with methanol:HyO:acetic acid 60:39:1 v:v at 0.8mL-min™! and
separation with Supelco LC-8 column, detection at 280 nm).

Results wete analyzed with one-way and two-way ANOVA (p < 0.05),
and outliers were eliminated by using the Grubb’s test.

RESULTS AND DISCUSSION
Preliminary Tests

After 13 days of incubation, the oxygen levels in the gas phases of the flasks
supplied with DCP at concentration of 20, 50, and 80 mg L™ had decreased
from 20.7 + 0.1% t0 18.3 £+ 0.1, 14.1 + 0.0, and 159 + 0.0%, respectively.
No significant decrease in the oxygen concentration was recorded in the flasks
supplied with 110mg DCP L™, No CO, production and no O, consumption
were observed in the control flasks not supplied with DCP, and chemical
analysis confirmed that DCP was removed after incubation in the flasks
where microbial activity was recorded (data not shown). Hence, although
the consortium tested was inhibited at high concentration of DCP, microbial
activity could be followed by monitoring the oxygen consumption, showing
that the system was suitable for use as whoie cell biosensor combined with
O, measurement for DCP quantification. On the basis of these results, log
phase bacterial cells grown in the presence of SOmgL™' of DCP culture
were used in the following experiments,

Optimization of the Sensor Response
Flow Rate

In 2 flow system, the flow rate of the solution passing by the detector is the
main factor affecting the dispersion of the analyte molecules, the yield of
the reaction, and the response of the detector. Increasing the flow rate can
reduce dispersion effects and the response time but also decrease the yield
of the reaction and thereby the sensor response. It is, therefore, important to
test and optimize this parameter.

Under the range of DCP concentrations analyzed, the biosensor exhibited
linear responses (with correlation factor >>0.98) at the three flow rates tested
(Figure 1). The highest sensitivity was achieved at a flow rate of
0.10mLmin~' and decreased by 49% and 68% when the system was
operated at flow rates of 0.20 and 0.30 mL min™', respectively (Figure 1).
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Figure 1. Effect of DCP concentration on the sensor response (%) when the sample
were injected at a flow rate of 0,30 (4), 0,20 (M), and 0.10 (¢) mL min~"'. The results
are calculated as the percentage of the enalyte peak area compared with the maximum
area recorded during this experiment. Vertical bars represent the standard deviation on
triplicates.

Experiments at flow rates lower than 0.10mL min~' were not performed
because of the restriction of the measuring time and the pump linearity at
low flows. Although the analysis took longer time at a flow rate of
0.1 mL min~" (~14.6 min at this flow rate compared with 9.1 and 7.6 min at
flow rates of 0.20 and 0.30 mL min "', respectively, at a DCP concentration
of 0.20 mM), emphasis was given to sensitivity at low-analyte concentration,
and the results showed that the sensor response at a DCP concentration of
0.05mM was significantly higher at a flow rate of 0.10 mL min~'. Hence,
atl subsequent experiments were performed at a flow rate of 0.10 mL min~",

Sample Volume

The respease of the biosensor is directed by the amount of oxygen consumed
by the bacteria, which is itself comrelated to the amount of DCP injected. The
amount of DCP then depends on the injection volume and the concentration in
the sample. Larger injection volumes should then normally produce higher
response signals and thereby improve the sensor sensitivity and detection
limit. However, in a cell-based biosensor system, the response also depends
on the amount of immobilized cell and the sensor can be saturated at too
high concentrations of analyte due to oxygen limitation.
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There was no significant difference between the sensor responses when
3nM of DCP were injected from a 100-pl. sample containing DCP at
0.03mM or from a 10-pL sample containing DCP at 0.30mM (Figure 2).
Clearly, the best sample volume depends on the range of concentration and
the limit of detection required. Sample volumes > 100 pL were not studied
because of saturation effects. The duration of an analysis was proportional
to the injection time because it took about 5 min to complete the analysis of
0.1mM of DCP injected at 10l compared with 7, 9, and 16min when
injected at 25, 50, and 100 p.L, respectively. Once again, because this sensor
was designed to operate at low DCP concentrations, an injection volume of
100 pL. was preferred in the following tests.

Buffer pH
Because the catalytic activities of the enzymes involved in DCP catabolism
arc a function of the pH, this paramcter can potentially affect the sensor

response. The effect of the pH was studied by varying the pH of the
100 mM of potassium phosphate buffer used as carrier stream (PFigure 3).

" //

S

Sensor response (%)
a3

100 %

-
20 /’//I‘ -
| / -
0 01 0.2 0.3 04 05
Concentration of DCP (mM)

Figure 2. Effect of DCP concentration on the sensor response (%) when the mjection
volume was set to 100 (@), 50 (4). 25 (). and 10 () pL.. The results are calculated as
the percentage of the analyte peak area compared with the maximum area recorded
during this experiment. Vertical bars represent the standard deviation on triplicales.
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100
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Buffer pH

Figure3. Effect of buffer pH on the sensor response (%) when the DCP concentration
was set to 0.05 (x), 0.10 (W), 0.20 (A), 0.30 (e). and 0.40 (¢#) mM. The resalts are
calculated as the percentage of the analyte peak area compeared with the maximum
area recorded during this experiment. Ventical bars represent the standard deviation
on triplicates.

For DCP concentrations >>0.05mM, the sensor response was statistically
higher at pH 7.50 than at other pH values. There was no statistical difference
between the duration of analysis at analyte concentration of 0.05 and lower but
a1 higher DCP concentration, the duration of analysis increased with the pH.
However, these differences were not very relevant in regards to the total
analysis time (the larger difference recorded was 3 min between the analysis
of 0.40mM of DCP at pH 6.00 and pH 8.00). It is, however, not directly
obvious how the pH dependence of the clectrode response is, because there
is a surplus of cells (the reaction should be diffusion limited), and several
different enzymes with potentially different pH profiles are involved in the
processes eventually leading to the sensor response.

Buffer Concentration
The buffer concentration on the sensor should be optimized because it must be

sufficiently high to compensate variations of pH in different samples permeat-
ing through the dialysis membrane. The highest sensor response was obtained
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Figure 4. Effect of DCP concentration on the sensor response (%) when the buffer
concentration was set to 10 (¢), 30 (4), 50 (W), and 100 (@) mM. The results are cal-
culated as the percentage of the analyte peak area compared with the maximum area
recorded during this experiment. Vertical bars represent the standard deviation on
iriplicates.

at a buffer concentration of 100mM (Figure 4) and, therefore, this concen-
tration was chosen in further experiment.

Analytical Characteristic of the DCP Microbial Sensor

‘When the flow rate, sample volume, buffer pH, and buffer concentration were
set t0 0.10mL min~", 100 L, 7.50 and 100 mM, respectively, a linear corre-
lation was observed between the sensor response and the DCP concentration
(* = 0.9937) for DCP concentrations ranging from 0.01 to 0.30mM
{Figure 5). The calibration equation was y = 36.537x — 0.0436 where y is
response indicated as oxygen consumption measured by oxygen electrode
and x is the concentration of DCP in mM. At optimum conditions, the
lower detection was down to 0.02mM of DCP by using statistical method
(Miller and Miller 2000), a value rather typical for catalytic sensors based
on polarographic oxygen sensors.

Sensor Stability

The stability of the sensor was investigated by evaluating the response of the
same electrode to DCP in 100mM phosphate buffer at pH 7.50 and
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Figure 5. Effect of DCP concentration on the sensor response (%) when DCP con-
centration was set to 0.01-0.30 mM at optimum conditions. The results are calculated
as the percentage of the analyte peak area compared with the maximum area recorded
during this experiment. Vertical bars represent the standard deviation on triplicates.

0.10mL min—". DCP was injected to the seasor system every day at 0.02. 0.05,
0.10, 0.15, 0.20, and 0.30mM. Although the sensor sensitivity decreased with
time, the microbial electrode was reasonably stable, and the response
remained linear after 1 week of operation during which it was used a total
of 90 times.

Interferences

Despite the fact that a microbial consortium was used, the sensor was quite
specific to phenol and chlorophenols, it exhibited no or very little response
to generic substrates such as glucose, sucrose, sodium acetate, and citric
acid (Table 2). The specificity of the sensor could be improved by using
pure isolate of DCP-degrading microorganisms from the consortium.
However, bacteria that can degrade DCP are also often capable of using
phenol and other chlorophenols as carbon sources, This remains an intrinsic
limitation to the use of celi-based biosensors for analysis of environmental
samples because chlorophenols are often found as mixtures. However. the
lack of specificity for chlorophenols could even be exploited because the
sensor may react to many different toxic compounds, yielding an integrating
signal for the present of a group of contaminants (e.g., chiorophenols or just
phenols) for the detection of other compounds.
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Table 2. Interfering effect calculated as the increase
(%) of sensor response when the target substance was
injected with DCP in the sample at 0.1 mM in compari-
son with the response of 0.1 mM DCP

Substance Interference (%)°
Phenol 103 +5
2CP 82+ 8
4CP 135+ 9
TCP 719
Glucose 13 + 46
Sucrose 0
Sodium acetate 13+7
Citric acid 0

“These results were not statistically different at 5%.
CONCLUSION

The microbial biosensor for direct measurement of 2,4-dichlorophenol was
developed. The developed biosensor was constructed with microbe immobi-
lized electrode and flow system. The sensor gave response to other phenolic
compounds and very little response to generic substrate. The sensor had an
excellent lower detection limit and stability.

The conditions obtained for optimal performance of the electrode may not
be ideal if the electrode is going to be used for process control, because then
quicker analyses are needed. One way 10 achicve that would be to use a faster
flow, but that is not compatible with the bioelectrode design used. If, however,
a small precolumn with immobilized cells is used, and then a plain pO»-
electrode at the effluent, then a very high cell density can be used in the
precolumn. Under such conditions, a higher flow rate can be used, and still
good signals with regard to oxygen consumption can be registered.
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