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Abstract

Pyocyanin is the blue phenazine pigment produced byPseudomonas aeruginosa. Pyocyanin production using immobilized cells was
investigated. The maximum production of pyocyanin was obtained using cells immobilized in�-carrageenan. Moreover, 0.01% PO4

3−, 0.2%
Mg2+, 0.001% Fe2+, 1% glycerine, 0.8% leucine and 0.8%dl-alanine were also essential for pyocyanin production. Pyocyanin was purified
by chloroform extraction and silica gel column chromatography. An amperometric biosensor system using a screen-printed electrode and
pyocyanin as mediator were also developed for a more accurate determination of glucose concentration. Pyocyanin, which exists in the
oxidated form, was reduced by the reaction between glucose oxidase and glucose. The reduced form was then converted back to the oxidized
form by an oxidative reaction on the electrode. There was a linear relation ship between sensor output currents and glucose concentrations
ranging from 1 to 20 mM under the following conditions:−200 mV of the applied potential, pH 5.0, and 10 U of the immobilized enzyme.
The coefficient of variation was below 3% (n = 5) for the glucose sensor.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Phenazine derivatives have been known as the redox
reagents and the antibiotics which are produced by several
microorganisms. The production and characterization of
these compounds were first carried out byGessard (1890).
One of phenazine derivatives, pyocyanin is a blue phenazine
pigment and is produced byPseudomonas aeruginosa. Its
chemical structure was elucidated byWred and Strack
(1929)andHillemann (1938).

The major skeleton (Fig. 1) of a pyocyanin is the
phenazine nucleus which has the carboxyl and methyl
groups on its carbon numbers 1 and 5 binding sites, respec-
tively. Only P. aeruginosaamong variousPseudomonas
spp. produces pyocyanin (Smirnov and Kiprianova, 1990).
Therefore, the presence or absence of the pyocyanin was
used as the differential key for the identification and clas-
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sification ofP. aeruginosa(Ingram and Blackwood, 1970;
MacDonald, 1967).

Pyocyanin is a nitric oxide (NO) antagonist in vari-
ous pharmacological preparations, and has various phar-
macological effects on eukaryotic and prokaryotic cells.
Pyocyanin functions as an electron transfer agent on the
membrane of several strains (Ernst and Friedheim, 1931).
As an electron transfer agent and catalyst in photophospho-
rylation, pyocyanin plays an important role in photosyn-
thetic systems of microorganisms and green plants.

Information on pyocyanin applications is limited. Among
the few studies published, pyocyanin was shown as a good
model for flavins in electrochemical and spectroscopic stud-
ies (Morrison et al., 1978; Morrison and Sawyer, 1978).
It was also reported that pyocyanin inhibited the ciliary
function of respiratory epithelial cells (Kanthakumar et al.,
1994). It was reported that pyocyanin behaved as a reversible
dye of the quinoid type with a redox potential similar to that
of menaquinone (Friedheim and Michealis, 1931).

Various biosensors have been developed since Clark and
Lyons prepared a glucose sensor in the 1960s (Clark and
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Fig. 1. Structure and numbering system of phenazine nucleus.

Lyons, 1962; Updike and Hicks, 1967a,b). The screen-printed
technology based on mediator-enzyme electrodes (Cass
et al., 1984) was introduced for biosensor in the middle of
the 1980s (Matthews et al., 1987). The important advantages
of the method were its precision, speed, and cheapness. This
technique has been used to construct disposable enzyme
electrodes for determination of glucose (Matthews et al.,
1987; Higgins, 1990; Newman and Turner, 1992; Nagata
et al., 1995; Rohm et al., 1995; Wang et al., 1996), and glu-
tathione (Wring et al., 1991, 1992; Wring and Hart, 1992).

Generally, the reaction of electron transfer between en-
zyme molecules and electrode materials is indirectly carried
out through another redox compounds such as phenazine
methosulfate (PMS), potassium ferricyanide, K4[Fe(CN)6],
quinines, and Os-complexes because the rapid reaction be-
tween the both is very difficult. The studying for searching
of a more efficient mediator compounds has continued as an
important and interested project up to the present.

It was reported that variousP. aeruginosastrains but
not strain IAM 1415T produce pyocyanin. In addition, im-
provement of the medium for pyocyanin production has
been reported a little (Hellinger, 1951; Burton et al., 1947;
Jamieson, 1941; Samuel, 1972; Higashihara, 1984; Tanaka
et al., 1972; Osman et al., 1996). Moreover, the application
of pyocyanin as a biosensor has also not been reported at all.

In this study, the optimum conditions for pyocyanin pro-
duction, peculiarly the immobilization carrier used for the
microorganisms, were examined. Moreover, pyocyanin was
also purified by chloroform extraction and silica gel column
chromatography.

A glucose sensor using pyocyanin as a mediator was also
developed. The results obtained are described below in de-
tail.

2. Experimental

2.1. Materials

�-Carrageenan was purchased from Aldrich Chemical
Company Inc. Silica gel 60 was purchased from Merck.
Glucose and glucose oxidase (GOD; EC 1.1.3.4 fromAs-
pergillus niger, 20,000 units) were purchased from Wako
Pure Chemical Industries, Ltd. Carboxymethyl cellulose
(CMC) was purchased from Kokusan Chemical Works. All
other chemicals were of analytical grade.

2.2. Media and culture conditions

Two solid and nine liquid media were used for studying
pyocyanin production. The solid media were King’s A agar
(KA) and King’s B agar (KB), whereas the liquid media in-
cluded nutrient broth (NB), ethanol broth (EB) (Osman et al.,
1996), modified basal medium broth (MBMB), Hellinger
broth I (HB I) (Hellinger, 1951), Hellinger broth II (HB II),
MacDonald broth (MB) (MacDonald, 1963), Ingram and
Blackwood broth (IBB I) (Ingram and Blackwood, 1962),
Ingram and Blackwood broth II (IBB II), and Ingram and
Blackwood broth III (IBB III).

The pigment on KA was visually observed after 1 day
incubation at 37◦C and 5 days incubation at room temper-
ature. In the same manner, the pigment on KB was visually
observed after 6 days incubation at 37◦C.

In the liquid media, batch fermentation was performed in
500 ml shaking flasks containing 100/200 ml of the growth
medium, which was stirred on a rotary shaker at 160 rpm at
a constant temperature of 27◦C for 7 days.

2.3. Growth and pyocyanin production monitoring

Microbial growth and pyocyanin production were mon-
itored periodically. Growth was determined from the ab-
sorbance of the culture medium at 660 nm wavelength
using a UV-Vis spectrophotometer. Pyocyanin production
was measured using the method ofHigashihara (1985).
Pyocyanin production monitoring was follows. The cul-
ture was centrifuged at 10,000 rpm for 10 min at 4◦C.
The supernatant was then collected and the pellet was
discarded. The absorbance of the supernatant was mea-
sured at a wavelength of 310 nm using a UV-Vis spectro-
photometer.

2.4. Preparation of immobilized microorganism

The cells were immobilized on 4 and 5%�-carrageenan,
4% sodium alginate and HP 5020-chitopeal. In the latter
case, after the cells were cultured at 27◦C for 1 day, 1.0 ml
of this broth was added to a nutrient broth containing 20 ml
of HP 5020-chitopeal and the mixture was further cultured
at 27◦C for 1 day. HP 5020-chitopeal on which the mi-
croorganisms were immobilized was then collected using a
strainer and washed with sterilized saline.

On the other hand, when using 4 and 5%�-carrageenan
and 4% sodium alginate, after cultivation at 27◦C for 1 day,
the immobilized cells were collected by centrifugation at
8000 rpm for 10 min at 4◦C. The supernatant was discarded
and the pellet was suspended in 20 ml of sterilized saline.
The suspension was centrifuged at 8000 rpm for 10 min
at 4◦C. The supernatant was discarded and the pellet was
resuspended in 20 ml of sterilized saline. This procedure
was repeated twice. The prepared suspension (20 ml) was
added to 4 and 5%�-carrageenan (100 ml) and 4% sodium
alginate (100 ml) and stirred, respectively. The mixture
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Fig. 2. Production of steps for screen-printed electrode.

was dispensed using syringe into 2% KCl and 2% CaCl2,
respectively, and stirred for 30 min.

Twenty milliters of the prepared HP 5020-chitopeal, 4%
sodium alginate, 4 and 5%�-carrageenan and free cells were
placed in 500 ml shaking flasks containing 100/200 ml of
the pyocyanin production medium and stirred on a rotary
shaker for 10 days at a constant temperature of 27◦C.

2.5. Analytical method

Thin layer chromatography was performed on a silica
gel F254 plate with methanol–chloroform (1:1) as solvent.
UV-Vis absorption spectra were measured using a Shimadzu
UV-2400PC recording spectrophotometer.

2.6. Construction of electrode

The electrode was composed of Ag lead, carbon work-
ing and counter electrodes and an Ag/AgCl reference elec-
trode on the polyethylene telephtarate film prepared using
the screen-printed technique (Fig. 2). The conditions of con-
struction of electrode were as follows: Ag lead used Ag ink
(Asahi Chemical Research Laboratory Co., Ltd.) and dried
at 150◦C for 30 min. Carbon working and counter electrodes
used carbon ink (Asahi Chemical Research Laboratory Co.,
Ltd.) and dried at 150◦C for 20 min. Ag/AgCl reference
electrode used Ag/AgCl ink (Acheson (Japan) Limited) and
dried at 120◦C for 15 min. Insulation resist used Insulation
resist ink (Asahi Chemical Research Laboratory Co., Ltd.)
and dried at 130◦C for 10 min. Ag ink and Ag/AgCl ink
printed once and 20�m thick, and carbon ink and insulation
resist ink printed twice and 40�m thick. Cyclic voltamme-
try and chronoamperometric measurements were performed
using a voltammetric analyzer (Model CV—50 W; BAS).

2.7. Preparation of glucose sensor

Enzyme powder (2.5 mg) was added to 5 mM pyocyanin
containing 0.5% (w/v) CMC. Five microliters of the enzyme
solution (10 U) was placed on the screen-printed electrode.
A thin layer of the enzyme solution was then fabricated on

the screen-printed electrode and dried at 60◦C for 20 min.
The fabricated electrodes were kept at room temperature in
a desiccator.

3. Results and discussion

3.1. Separation and purification of pyocyanin

3.1.1. Optimum medium for pyocyanin production
Pyocyanin production byP. aeruginosaIAM 1415T was

determined in two solid media, KA and KB, because there
has been no report on the utilization of these media for py-
ocyanin production. Results suggest thatP. aeruginosaIAM
1415T produces some pigments such as pyorubin, fluores-
cein and pyocyanin.

Among the nine liquid media tested, pyocyanin produc-
tion was maximum in Ingram and Blackwood broth I (IBB
I). In nutrient broth (NB), ethanol broth (EB) and modified
basal medium broth (MBMB), the pigment was not pro-
duced. On the other hand, in Hellinger broths I, II (HB I, II),
MacDonald broth (MB) and Ingram and Blackwood broths
I, II, III (IBB I, II, III), the pigment was observed. From these
results, phosphate ion, magnesium ion, iron ion, glycerine,
leucine anddl-alanine are essential for the pyocyanin pro-
duction. The optimum concentrations of these components
were determined to be 0.01, 0.2, 0.001, 1, 0.8 and 0.8%, re-
spectively (Table 1). These data were compatible with those
of Burton et al. (1948)andFrank and DeMoss (1959).

3.1.2. Optimum immobilization carrier for P. aeruginosa
IAM 1415T for increased pyocyanin production

This experiment requires a large amount of pyocyanin.
Therefore, the microbial immobilization was examined from
the standpoint of increasing pyocyanin production. Four and
5% �-carrageenan, 4% sodium alginate and HP-5020 chito-
peal as the carriers for the immobilization were used. The ef-
fect of the carrier on pyocyanin production by immobilized
cells is shown inFig. 3. A higher pyocyanin production was
obtained from immobilized cells than from free cells. This
observation may be interpreted as follows: the microorgan-
isms in the gel matrix exist stably for a long time because
they are less affected by drastic changed in the outside envi-
ronment. From these results, subsequent experiments were
carried out using 4%�-carrageenan.

3.1.3. Separation and purification of pyocyanin
Pyocyanin was prepared as follows; The pH of the cul-

ture supernatant was first adjusted to 10, then, two volumes
of chloroform as added to one volume of the culture super-
natant and shaken for about 10 min. The chloroform extract
was then lyophilized and the residues redissolved in 5 ml
of chloroform. This chloroform solution was adsorbed on a
silica gel column (2 cm× 30 cm) that had previously been
equilibrated with 1% methanol in chloroform. Pyocyanin
was eluted with 15% methanol in chloroform. Pigments on



1240 K. Ohfuji et al. / Biosensors and Bioelectronics 19 (2004) 1237–1244

Table 1
Determination of optimum medium for pyocyanin production

Media

NB EB MBMB MB HB I HB II IBB I IBB II IBB III

Pyocyanin production – – – ◦ ◦ ◦ � ◦ ◦
Phosphate iona – 0.21 0.0075 0.01 0.04 0.04 0.01 0.01 0.01
Magnesium iona – 0.05 – 0.2 0.2 0.2 0.2 0.2 0.2
Iron iona – 0.001 0.0028 0.001 0.001 0.001 0.001 0.001 0.001
Glycerinea – – – 1 1 1 1 1 1
Leucinea – – – – 0.8 0.8 0.8 0.8 0.8
dl-Alaninea – – – – – – 0.8 – –

Abbreviations: NB, nutrient broth; EB, ethanol broth; MBMB, modified basal medium broth; MB, MacDonald broth; HB•, Hellinger broth; IBB•, Ingram
and Blackwood broth;�, maximum;◦, positive; –, none.

a Constituents: %/1000 ml.

the silica gel column appeared in yellow, red, light blue and
dark blue bands, with pyocyanin appearing in the latter. A
yellow–green band remained in the column even after elu-
tion by 15% methanol in chloroform. Pyocyanin was ob-
tained as a residue from the solvents.

3.1.4. Physicochemical properties of pyocyanin
The physicochemical properties of the blue pigment ob-

tained fromP. aeruginosaIAM 1415T are as follows. The
pigment easily dissolved in chloroform, HCl, and hot water,
but it was difficult to dissolve in cold water. Pyocyanin ob-
tained from the chloroform extract was in the form of blue
fiber needle crystals. The melting point of this pigment was
128–130◦C. The Rf of the thin-layer chromatograph was
0.6 ± 0.02 using the solvent described earlier and the TLC
spot was blue. These results mostly agreed with previous
data (Knight et al., 1979). The redox potential was−401 mV.
The UV spectrum for the pigment is shown inFig. 4. Py-
ocyanin dissolved in methanol exhibited absorption maxima
at 201.0, 238.0, 318.50, 710.50, and 886.50 nm. On the other

Fig. 3. Pyocyanin production by immobilized cells. Analytical conditions are as described inSection 2. Immobilized cells in 4%�-carrageenan (closed
circle), 5%�-carrageenan (open circle), 4% sodium alginate (closed triangle), chitopeal HP-5020 (open triangle), and free cells (open square).

hand, pyocyanin dissolved in 0.1 N HCl exhibited the max-
ima at 204.0, 242.50, 277.0, 387.50, and 521.50 nm. These
results mostly agreed with those ofDavid et al. (1986). The
color of the pigment solution changed depending on the pH.
The solution appeared red at pHs 3.0 and 4.0, purple at pHs
5.0 and 6.0, and blue at pHs >7. The correlation between
the variation in the color of the solution and pH was also
observed byFriedheim and Michealis (1931).

3.2. Construction of glucose sensor

3.2.1. Optimum applied potential for the glucose sensor
Chronoamperometry measurement was performed to de-

termine the optimum applied potential for the glucose sen-
sor. The anodic current corresponding to 20 mM glucose
was measured at−300 to−50 mV of the applied potential
for the glucose sensor at 50 mV intervals. The maximum
anodic current was obtained at−200 mV of the applied po-
tential. It was presumed that this lower potential was based
on pyocyanin.
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Fig. 4. Absorption spectra of pyocyanin. Pyocyanin dissolved in 0.1 N HCl (a) and in methanol (b).

All the while, the mediator with a low applied poten-
tial has been researched to provide the affection of the
many impurities in the sample solutions on the output of
sensor. It was cleared that conventional mediators such
as potassium ferricyanide, K4[Fe(CN)6] used to biosen-
sor allowed to avoid influence of oxygen on the output
of the sensor. However, there are many impurities such
as an amino acid, ascorbic acid, and creatine in the sam-
ple solutions. The proposed sensor using pyocyanin as a
mediator was used at−200 mV versus Ag/AgCl of the
applied potential. Therefore, pyocyanin was allowed to be
not liable to occur the reduced current based on the impu-
rities of the sample solution. From this reason, the opti-

Fig. 5. The optimum amount of the immobilized sensor. Analytical conditions are as follows: 5 mM pyocyanin,−200 mV vs. Ag/Cl applied potential,
pH 5.0 and sample volume of 50�l of 20 mM.

mum applied potential was determined at−200 mV versus
Ag/AgCl.

3.2.2. Optimum pH of the glucose sensor
The effect of pH on glucose sensor output was determined.

The optimum pH was found to be in the range of pH 4.0–6.5.
The maximum response was obtained at about pH 5.0 but
the response decreased with an increase in pH. Therefore,
the optimum pH was set at 5.0.

3.2.3. Optimum amount of immobilized enzyme
The effect of the amount of enzyme immobilized on

the electrode tip on the response of the glucose sensor
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Fig. 6. Calibration curve for the glucose sensor. Analytical conditions are as follows:−200 mV vs. Ag/Cl applied potential, pH 5.0, 5 mM pyocyanin,
10 U glucose oxidase, and sample volume of 50�l.

was determined. The results obtained are shown inFig. 5.
The sensor response increased with an increase in enzyme
amount (unit), and the maximum response was obtained at
10 U. Therefore, in subsequent experiments, 10 U of GOD
was used.

3.2.4. Calibration curve for the glucose sensor
The calibration curve of the glucose sensor is shown in

Fig. 6. A linear relationship between glucose concentration
and output of the proposed glucose sensor was obtained at
1–20 mM glucose concentration. The relative coefficient was
0.9748, while the coefficient of variation (CV) was below
3% (n = 5). The reproducibility and stability of response
during the same day was also examined by using 5 mM

Fig. 7. Effect of some substrates on glucose sensor output. Analytical conditions are as follows:−200 mV vs. Ag/Cl applied potential, pH 5.0, 5 mM
pyocyanin, 10 U glucose oxidase, and sample volume of 50�l. The y-axis represents the percentage of the output current determined against the output
of the proposed sensor for 5 mM glucose.

glucose (not data shown). The CV was 1.96% (n = 8) for
glucose sensor.

3.2.5. Effect of some substrates on glucose sensor output
The effects of ascorbic acid, urea, uric acid and crea-

tine on the output of the proposed sensor were determined.
The output based on 5 mM glucose is 100%; the outputs of
the proposed sensor based on some substrates are shown in
Fig. 7. The output of the proposed sensor was slightly af-
fected by ascorbic acid.

3.2.6. Stability of the proposed sensor
The durability of the proposed sensor was measured un-

der storage at 4◦C in the experiment room and 4 and 20◦C
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Fig. 8. Stability of the proposed sensor. Analytical conditions are as follows:−200 mV vs. Ag/Cl applied potential, pH 5.0, 5 mM pyocyanin, 10 U
glucose oxidase, and sample volume of 50�l of 10 mM glucose. They-axis represents the percentage of the output current determined at regular intervals
against the output of the proposed sensor stored for 1 day. Storage at 4◦C in the experiment room (open triangle), 4◦C in a desiccator (open circle),
and 20◦C in a desiccator (closed circle).

in a desiccator. The results obtained are shown inFig. 8. The
y-axis represents the percentage of the output current deter-
mined at regular intervals against the output of the proposed
sensor stored for 1 day.

In all cases, the relative currents decreased until the 4th
day, and then increased gradually. After 1 week, the currents
were higher than the output of the proposed sensor stored
for 1 day. It was thought that a reversible structural change
of the enzyme occurred at the immobilization and reverted
to its original structure during storage. The optimum storage
condition was 4◦C in a dessicator. When the proposed was
sensor stored at 4◦C in the experiment room, the CVs of
the data were over 5%. It was thought that this was due
to oxidation of the electrode. The activity of the proposed
electrode was maintained at 20◦C in a dessicator for about
1 month.

3.2.7. Application of the proposed sensor to soft drinks
Glucose concentrations of soft drinks were determined by

the proposed sensor system and by a colorimetric method.
The results are shown inTable 2. A good agreement was
obtained between the glucose contents determined by both

Table 2
Comparison between sensor and colorimetric methods

Samplea Concentration (mg/dl)

Colorimetric method Sensor method (n = 5)

A 816 790 (±6.4)
B 911 760 (±38.0)
C 1991 1860 (±68.7)
D 3367 3350 (±102.6)
E 5463 5200 (±49.6)

a Beverage sample.

methods, with a relative coefficient of 0.998. An assay could
be performed within 2 min using the proposed sensor, while
it required 6 min using the colorimetric method. Thus, the
proposed sensor, which produced reliable and reproducible
results at a low cost, facilitated the simple and rapid deter-
mination of glucose concentration.

4. Conclusion

The optimum condition for pyocyanin production byP.
aeruginosaIAM 1415T, peculiarly the immobilization car-
rier used for the microorganisms, was investigated. More-
over, the glucose sensor based on screen-printed electrode
and a novel mediator pyocyanin, was also constructed to es-
timate some properties as a new mediator.

The essential condition of maximum pyocyanin pro-
duction using immobilized cells were as follows: 0.01%
PO4

3−, 0.2% Mg2+, 0.001% Fe2+, 1% glycerine, 0.8%
leucine and 0.8%dl-alanine. In addition, maximum pro-
duction of pyocyanin was obtained using cells immobilized
in �-carrageenan.

The optimum conditions of the chronoamperometric
biosensor systems were as follows:−200 mV versus Ag/Cl
of the applied potential, pH 5.0 and 10 U of the immobilized
enzyme.

The pyocyanin used as a mediator was−200 mV versus
Ag/Cl of the applied potential. Therefore, compared to other
sensor, the proposed sensor was expected for measurement
without affection of the impurities in the sample solution.
Moreover, a mass production of screen-printed electrode
permitted also low cost and rapid and simple measurement
of the proposed sensor. Therefore, the biosensor using
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pyocyanin was also expected to apply to some fields such
as medicine, food and environment.
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