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Abstract

An amperometric microbial biosensor for highly specific, sensitive and rapid quantitative determingiiaitrophenol was developed.
The biosensor takes advantage of the abilityMafraxella sp. to specifically degrade-nitrophenol to hydroquinone, a more electroac-
tive compound thamp-nitrophenol. The electrochemical oxidation current of hydroquinone formed in biodegradaemitodphenol was
measured aMoraxella sp.-modified carbon paste electrode and correlatgagbenol concentrations. The optimum response was real-
ized by electrode constructed using 15 mg of dry cell weight per 1 g of carbon paste and operating at 0.3V (versus Ag/AgCI reference)
in pH 7.5, 20 mM sodium phosphate buffer. Operating at these optimum conditions the biosensor had excellent selectivity against phenol
derivatives and was able to measure as low as 20 nM (2.78pplijophenol with very good accuracy and reproducibility. The biosensor
was stable for approximately 3 weeks when stored“&.4The applicability of the biosensor to measpraitrophenol in lake water was
demonstrated.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Amperometric; Microbial biosensop:Nitrophenol;Moraxellasp.

1. Introduction Chromatography (gas, liquid and capillary electrophore-
sis), enzyme-linked immunosorbent assay (ELISA) and elec-
Aromatic nitrocompounds such as nitrobenzene, nitro- troanalytical techniques (polarography, cyclic voltammetry,
toluenes and nitrophenols are found widely as environmental adsorptive stripping and differential pulse voltammetry) are
contaminants in freshwater, in marine environments and in among the many techniques reporteddaritrophenol deter-
the atmosphere. They have been used commonly in the manmination Clement et al., 1995; Sherma, 1993; Zietek, 1975;
ufacture of explosives, pesticides, dyes, plasticizers and pharBarek et al., 1994; Hernandez et al., 1993; Rodriguez et al.,
maceuticalsiallas and Alexander, 1983; Hanne etal., 1993; 1997a,b,& Although sensitive, these techniques have limi-
Munnecke, 1976; Spain and Gibson, 139%Nitrophenol, tations that limit their applicability to on-line or field moni-
because of its toxicity is listed as U.S. Environmental Protec- toring (Nistor et al., 2001
tion Agency priority pollutant. Acute (short-term) inhalation Recently, we reported microbial biosensors incorporat-
or ingestion ofp-nitrophenol in humans causes headaches, ing p-nitrophenol degradefgloraxellasp. andArthrobacter
drowsiness, nausea, and cyanosis (blue color in lips, earssp. in conjunction with a Clark oxygen electrode correlat-
and fingernails). The detection of this compound is therefore ing the respiratory activities of these microorganisms to the
a matter of concern for environmental control. p-nitrophenol concentratiorMulchandani et al., 2002; Lei
et al., 2003 Both these microorganisms oxidizp-
nitrophenol specifically using a cascade of enzymes through
* Corresponding author. Tel.: +1 951 827 6419; fax: +1 951 827 5696. @ Series of intermediates consuming oxygen while releas-
E-mail addressadani@engr.ucr.edu (A. Mulchandani). ing nitrite (Jain et al., 1994; Spain and Gibson, 1991; Spain
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et al., 1979; Mulchandani et al., 2002V hile extremely 5h. At this time, additional PNP (0.4 mM) was added and
selective, the biosensors could only detect concentrationsthe sequence repeated for three more times over 1.25h.
higher than 100nM (14 ppb). In this paper we report a The cells were harvested using a refrigerated centrifuge
biosensor fop-nitrophenol based on the amperometric de- (Model J21, Beckman Instruments, CA, USA) &G} fol-
termination of the metabolic intermediate hydroquinone dur- lowed by washing with buffer (20 mM sodium phosphate,
ing the specific oxidation gf-nitrophenol by 4-nitrophenol  pH 7.5) twice, resuspended in 20 mM sodium phosphate
monooxygenase d¥loraxellasp. Spain and Gibson, 1991; buffer, pH 7.5, and stored at°€. Appropriate amount of
Spain et al., 1979; Mulchandani et al., 20@2at can be elec-  cell suspension (corresponding to the desired cell weight)
trooxidized at a relatively low potential of 300 mV (versus was then dried at 25C under vacuum and mixed in carbon
Ag/AgCl reference). The amperometric measurement at this paste.

low potential resulted in a lower detection limit comparable

to that obtained during detection based on electrooxidation2.3' Electrode fabrication

of p-nitrophenol at the significantly higher applied potential

of 900 mV (versus Ag/AgCl reference) while retaining the The working carbon paste electrode was prepared by mix-
selectivity obtained in the Clark oxygen electrode modified ing appropriate weight of cells with 1 g of carbon paste con-
Moraxellasp. case. The details of biosensor operating con- taining 75% (w/w) graphite powder and 25% (w/w) min-
ditions optimization, analytical characterization and the ap- eral oil. The whole cell modified carbon paste was subse-
plication for measurement pfqitrophenol spiked in surface quently packed firmly into the electrode cavity (3 mm diam-
water samples from Lake Elsinore, CA, are reported. eterx 1 mm deep) of a Kel-F sleeve (Bioanalytical System
Inc., Lafayette, IN) and polished to a smooth shiny finish by
gently rubbing over an ordinary weighing paper. The elec-

2. Materials and methods trode was stored at°& until use.

2.1. Materials _
2.4. Experimental set-up and measurement
Yeast extract, phenol, POy, KH2PO;, MgSQy, ] ] ]

eral oil (white, light) were purchased from Fisher Sci- alytical Systems (BAS) voltammetric analyzer (Model LC-
entific (Tustin, CA, USA). NHCI was bought from J.T. 4C) coupledto achart re_:corder (Model BD 112,K|pp and Zo-
Baker (Phillipsburg, NJ, USA). Tryptic soy broth was pur- nen, Holland). Allexperiments were conducted using a three-
chased from Becton Dickinson (Sparks, MD, USA. electrode electrochemical cell (10 ml volume with a working
Nitrophenol, Chlorophenol, 3-nitrophenol, 2-nitrophenol, Vvolume of 3ml), with an Ag/AgCl reference electrode (BAS,
2,4-dinitrophenol, and 3-methyl-4-nitrophenol were obtained MF 2063), and a platinum wire auxiliary electrode (BAS, MF
from Aldrich (Milwaukee, W1, USA). All the solutions were ~ 1032). A small magnetic stirrer and bar provided the con-

made in distilled deionized water. vective transport, 0.3 mM of NADPH and 0.03 mM of FAD
was added to the cell. When the baseline was established

steady-state current was recorded.

Moraxella sp. isolated from activated sludge was re-
ceived from Dr. Jim C. Spain (US Airforce Research Lab- ) )
oratory, Tyndall Airforce Base, FL). Thisloraxellasp. is 3+ Results and discussion
reported to degradp-nitrophenol using the following en- o ] N
zymes:p-nitrophenol monooxygenase, benzoquinine reduc- 3-1. Optimization of operational conditions
tase, hydroquinone dioxygenase, hydroxymuconic semialde- ] ) )
hyde dehydrogenase and maleylacetate reducBser( and The paramet_ers of applled_ potential, amount of t_)loca'_ta-
Gibson, 199). Moraxella sp. stock culture maintained on 'YSt, and operating pH, affecting the response of microbial
tryptic soy broth was inoculated into tryptic soy broth and Piosensor were optimized using 0.05 ngvhitrophenol.
incubated overnight on a gyratory incubator shaker (In-
nova 4000, New Brunswick Scientific, Edison, NJ, USA) 3.1.1. Hydrodynamic voltammogram for hydroquinone
at 30°C and 300rpm. Subsequently, these cells were in-  Areview of thep-nitrophenol degradation/oxidation path-
oculated (O[@p=0.1) in pH 7.2 minimal salt medium way inMoraxellasp. indicates the presence of intermediates
(3.73mM KoHPQy, 1.25mM KH,PQy, 1.4mM NHCI, benzoquinone and hydroquinone, compounds that are known
0.4mM MgSQ-7H,0 and 0.02 mM FeS£7H,0) supple- to be electroactiveSpain et al., 1979; Spain and Gibson,
mented with 0.4 mMp-nitrophenol and 0.2% yeast extract. 1991; Mulchandani et al., 20D2The former is an oxidized
The cells were incubated at 3G and 300rpm until the  compound and can be electroreduced, while the later is a
yellow color of p-nitrophenol disappeared in approximately reduced compound that can be electrooxidized (EQ.
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Noz sponse passing through a maximum for microbial biosensors
At electrode ) ) (Lei etal., 2003; Mulchandani et al., 1998, 2Q00RAcreasing
+2¢ +2H the cell loading beyond 15 mg, however, increased the back-
e T ground current and also the signal was very noisy. Therefore,
15mg of dry cell weight per 1 g of carbon paste was selected
Q) for subsequent experiments.

As shown inFig. 1, the electrooxidation current response 313, Eff f oM
of the intermediate hydroquinone increased as a function of ~ 'i'h' ecr orpr- f th involved i
applied potential to reach a maximum at 300 mV (versus e catalytic activities of the enzymes involved pa

Ag/AgCl) and plateaued. The potential of 0.3V was used nitrophenol catabolism are a function of the pH. Therefore,
in the subsequent studie.s ' it is necessary to determine the optimum pH that will result

in the maximum sensitivity of the amperometric microbial
biosensor. To establish the optimum conditions, the effect of
pH on biosensor was investigated from pH 6.5 to 8.5 and the
highest response was achieved at pH 7.5 (data not shown).
The pH profile and optimum were in accordance with that
reported bySpain and Gibson (199Xr nitrophenol oxy-
genase, the first enzyme involvedgimitrophenol oxidation
pathway ofMoraxellasp. The pH of 7.5 was therefore used
for subsequent studies.

3.1.2. Effect of cell loading

The effect of cell loading on the response of the ampero-
metric microbial biosensor is shownliig. 2. The biosensor
response increased with increased cell loading. This trend
differed from the normally observed profile of the current re-

25] l
_ 3.2. Analytical characteristics of the microbial electrode
g 20
= 3.2.1. Calibration
g 15l The calibration plot generated using the optimum condi-
o tions determined above (pH 7.5, 20 mM sodium phosphate

buffer, 15 mg cell loading per 1 g of carbon paste and work-

ing electrode poised at 0.3V) is shown kig. 3 (the plot

was prepared from the sensor steady-state response data).

01 02 03 04 05 06 The biosensor response was linear up te.RD(2.78 ppm)
Potential (V vs. Ag/AgCl) with a sensitivity (slope) of 1.93 nA pqrtM p-nitrophenol

(r>=0.994). The lower detection limit (defined as three times

Fig. 1. Hydrodynamic voltammogram fordM hydroquinone atthe carbon  the standard deviation of the response obtained for a blank)
paste electrode in 50 mM, pH 7.0, citrate—phosphate buffer aC20ata
are given as meaf 1S.D. for three measurements.
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Fig. 3. Calibration plot fop-nitrophenol microbial biosensor: in 20 mM, pH
Fig. 2. Effectofcellloading on biosensorresponse to 0.05pirophenol 7.5, sodium phosphate buffek) and filtered and pH adjusted Lake Elsinore
in 20 mM sodium phosphate buffer, pH 7.0, at°2D Data are given as water (J) at 20°C with 15 mg cell loading. Data are given as meahS.D.
meant 1S.D. for three measurements. for three measurements.
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Table 1 analysis time of less than 5min per sample in conjunction
Microbial biosensor selectivity with simple protocol for the present biosensor are signifi-
Compound Concentration ~ Biosensor response  cant advantages of the reported biosensor over the more te-
(mM) (current, nA)N=3 dious and time consuming (hours) immunoassay technique
p-Nitrophenol 0.05 4:1.4 (Oubiha et al., 1999
Chlorophenol 0.05 180 The newly developed biosensor had excellent long-term
gm:gg:g:g: 8:82 1:&8'04 storage stability and multiple use capability. The microbial
Phenol 0.05 180 electrode response was stable for approximately 3 weeks pe-
2,4-Dinitrophenol 0.05 &0 riod during which it was used a total of 20 times (data not
3-Methyl-4-nitrophenol 0.05 4815 shown). This stability is far superior than that for oxygen

consumption based microbial biosensors uginthyrobacter

was 20 M (2.78 ppb). The LOD was 5- and 10-fold lower andMoraxella(Lei et al., 2003; Mulchandani et al., 2002

than that for oxygen consumption based microbial biosensors

usingMoraxellaandArthrobacter respectively, as biosens- 3.2.4. Precision and accuracy

ing elements Nlulchandani et al., 2002; Lei et al., 2003 The biosensor had very good precision as evidenced by the
However, it is 1-2 orders of magnitude higher than that for low relative standard deviation of 3.77% 8) of the biosen-
competitive flow-immunoassay with fluorescence detection sor response to eight repeated measurements of 0.0p-mM
(Nistor et al., 2001 This detection limit should make the nitrophenol. Additionally, there was a very good electrode-
biosensor suitable for selective on-line monitoring wastew- to-electrode reproducibility as evidenced by the low standard
ater generated during production and consumption opthe  deviation of 4.49%71{=5) in the response of five microbial
nitrophenol and chemical or biological methods for treatment biosensors prepared at different times using different batches
of p-nitrophenol contaminated wastewaters. For environmen- of cells to 0.05 mMp-nitrophenol.

tal monitoring application, however, sample pretreatmentin-  The microbial biosensor accuracy was evaluated by com-
volving extraction and sample concentration will be neces- paring the concentration determined to the independent ab-

sary. sorbance spectroscopy method (measuring absorbance at
412 nm). A slope of 1.013 with regression coefficient of the
3.2.2. Selectivity correlation of 0.999 between the two methods demonstrated

Selectivity is an important criterion for any analytical tool. the excellent accuracy and reliability of the biosensor (figure
As shown inTable 1 the microbial electrode was highly ~—notshown).
specific forp-nitrophenol. Even molecularly similar com-
pounds, chlorophenol, 3-nitrophenol, 2-nitrophenol, phenol
and 2,4-dinitrophenol, did not interfere. This high degree of 4. Conclusions
selectivity is a significant advantage over other methods of
determination such as, amperometry based on oxidation of In conclusion, we have taken the advantage of the spe-
p-nitrophenol that is performed at a much higher potential cific degradation op-nitrophenol byMoraxella sp. to hy-
of 0.9V (versus Ag/AgCl reference) when phenol and other droquinone to develop an amperometric microbial biosensor
substituted phenols interfer&(lchandani et al., 2001g,b  using for sensitive, selective and rapid determinatiomp-of
or differential pulse voltammetry when oxygen, species con- nitrophenol. The biosensor exhibited excellent stability, pre-
taining nitro group and Cu(ll) interferedH(1 et al., 2001; cision, accuracy, short response time and selectivitypfor
Cordero-Rando et al., 19R9s expected, the biosensor re- nitrophenol over other structurally similar compounds. This
sponded to 3-methyl-4-nitrophenol penitrophenol deriva- very simple and low cost sensor does not require trained per-
tive. sonnel and expensive instrument. These features make it a
The microbial biosensor was also evaluated for matrix potentially attractive analytical tool for on-line monitoring
effect of naturally occurring compounds in real samptes.  of effluents from the chemical processing facilities produc-
Nitrophenol spiked in lake water from Lake Elsinore, CA ing and using-nitrophenol and field-monitoring of environ-
(filtered and pH adjusted from original 9.2 to 7.5) was mea- mental samples after conventionally employed simple solid
sured. As shown ifffig. 3, the sensitivity (slope of the line) ~ phase extraction pretreatment protocol.
of the biosensor response in the lake water was similar to that
in the buffer; validating the potential utility of the present
biosensor for PNP contaminated wastewaters. Acknowledgements
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