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ABSTRACT

The present study was conducted to develop a biosensor by exploiting phosphate-binding capacity of

exobiopolymer (EBP) produced by Acinetobacter sp. An environmental isolate of EBP-producing

Acinetobacter sp. was subjected to transposon (Tn5) mutagenesis to overproduce EBP and afford

improved phosphate selectivity. A mutant producing the highest amount of EBP with high

phosphate-binding capacity was selected for biosensor probe fabrication. Phosphate samples were

filtered through EBP-coated membranes and phosphate retained on membranes was determined by

molybdenum blue method. The color produced was read using a LED 690 nm/photodiode detection

system linked to an amplifier and signals were converted to appropriate phosphate concentrations.

The biosensor had a limit of detection of 0.5 mg/L and a limit of quantification 1 mg/L. The biosensor

as well as the probe were found to be stable for at least 28 days. In conclusion, we believe that the

biosensor may have applications in monitoring of wastewater and environmental samples. Further,

the enrichment of phosphate levels by EBP can help in analysis of very low phosphate

concentrations.
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INTRODUCTION

Phosphorus (P) is ubiquitously found in living organisms and
plays a very important role in their growth and maintenance.

The terrestrial ecosystems derive phosphorus primarily from
food while the aquatic organisms rely on dissolved phos-
phorus to meet their needs. In recent years it has been

realized that discharge of domestic and industrial waste-
water and the use of fertilizers result in increased
phosphorus concentration in aquatic ecosystems (USEPA

). This leads to increase in algal growth resulting in
eutrophication of water bodies. Therefore, it is important to
develop methods for efficient removal of phosphate from
water and to develop sensitive systems for monitoring phos-

phate levels in water.
Current remediation protocols are based on physical or

chemical methods for phosphate removal and include

reverse osmosis, electrodialysis, treatment with aluminum
sulfate or ferric chloride, etc. (Bohdziewicz et al. ;
Banu et al. ). However the physical methods result in

nonspecific removal of ions while chemical methods have
problems in disposal and neutralization of chemicals. Biore-
mediation offers an attractive alternative to physical and

chemical methods due to specific intracellular accumulation
of phosphate by several microorganisms as well as extracellu-

lar sequestration of phosphate by microbial biopolymers.
(Cloete & Oosthuizen ; Liu et al. ).

Spectrophotometric assays have been the mainstay in

phosphate estimation in water samples, including waste-
water (APHA ). These assays are sensitive to small
amounts of phosphorus but provide false negative results

or overestimation of phosphate levels due to interference
by other ions. Several modifications in conventional phos-
phorus estimation assays have been reported to counteract
interference in phosphate estimation. However, these modi-

fications require bulky and sophisticated instruments which
are unsuitable for field measurements. The development
of miniaturized sensors provides a convenient means of

sample analysis at the site of collection.
Acinetobacter sp. has long been identified as a major

phosphate accumulating organism in sludge and other

environmental samples (Kortstee et al. ; Lin et al.
; Sathasivan ). Several studies have reported that
Acinetobacter can accumulate phosphates intracellularly
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(Sathasivan ; Khoi & Diep ). Investigations in our

laboratory showed that the exobiopolymer (EBP) secreted
by Acinetobacter sp. can also sequester phosphates. The
present study was conducted to exploit the phosphate-

sequestering potential of Acinetobacter EBP for develop-
ment of an analytical method for phosphate estimation. A
biosensor was developed which utilizes the phosphate-
binding capacity of EBP to concentrate phosphate in

water samples followed by analysis with the stannous chlor-
ide method.

MATERIALS AND METHODS

Chemicals and media

Ammonium sulfate, dextrose, dipotassium hydrogen phos-
phate, peptone, potassium dihydrogen phosphate, yeast
extract, Luria Bertani (LB) broth, kanamycin and streptomy-

cin were purchased from HiMedia (Mumbai, India). Sodium
chloride and ammonium molybdate were procured from
LobaChemie (Mumbai, India). Calcium chloride and mag-
nesium sulfate were purchased from SD-fine Chem. Ltd

(Mumbai, India).

Culture

Wild and mutant Acinetobacter sp. were cultured in LB

broth at 30 WC for routine maintenance and transferred to
flocculant isolation broth medium for EBP production
(Ghosh et al. ).

Mutagenesis

Antibiotic-resistant strains of donor (Escherichia coli con-
taining suicidal vector pGS9) and recipient (Acinetobacter
sp.) were selected by culturing in LB broth containing
kanamycin (50 μg/mL) and streptomycin (200 μg/mL),
respectively. The donor and recipient were incubated in

antibiotic-containing LB broth for 18 h at 30 WC under
shaking (120 rpm). For conjugal mating, donor and recipient
cells were mixed in the ratio of 1:1, 1:2, 2:1, 3:1 and placed
onto a filter membrane supported by luria agar, and incu-

bated for 24 at 30 WC. The filter membrane was transferred
to 50 mL LB containing double antibiotics (streptomycin
200 μg/mL and kanamycin 50 μg/mL) and incubated at

30 WC for 8 h. Each of the dilutions (0.1 mL) was spread
onto luria agar selective for exconjugants.

The exconjugants were screened by examining the

colony morphology and mucoid colonies were selected for
further studies. The EBP overproducing mutants were
selected by application of Alcian Blue assay and Sudan

Black staining (Liu et al. ; Kachlany et al. ).

Extraction and purification of EBP

Extraction and purification of EBP was done by the method
as described earlier (Ghosh et al. ).

Characterization of EBP

The EBP was characterized by analyzing sugars (Dubois

et al. ) and amino sugars (Chaplin & Kennedy ).

Preparation of standard phosphate solutions

Standard phosphate solution was prepared by dissolving
100 mg of potassium hydrogen orthophosphate in 1 litre of
deionized water and working concentrations (0–15 mg/L)

were prepared by diluting standard solution with deionized
water.

Biosensor fabrication and configuration

A miniature circuit (U1) with specific LED and sensor of

690 nm was assembled, as shown in Figure 1. The circuit
was attached with a microcontroller and signals detected
as milliamps. For operation, the EBP-coated membranes
were subjected to colorimetry and inserted between LED

and sensor. Signals received were used for subsequent pro-
cessing to phosphate concentration. The assembled setup
used for experiments is shown in Figure 1. The biosensor

setup fits into a 20 × 14 × 10 cm box and weighs about 1 kg.

Biosensor analysis of phosphate

The biosensor probe was an EBP-coated cellulose acetate
membrane. The membranes (approx. 5 cm2) were coated

with 100 μL of an aqueous solution of purified EBP at EBP
concentrations from0 to 6 mg/mL.Onemillilitre of deionized
water (for blank) or phosphate solution of concentrations ran-
ging from 1 to 15 mg/L was passed through the coated

membranes. The color of the phosphate bound with EBP
coated over the membranes was developed by the addition
of ammonium molybdate (250 μL) and stannous chloride

(50 μL) onto the membranes (APHA ). The membranes
were subjected to analysis by the biosensor.
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The binding efficiency of phosphate was determined by
passing 1 mL of 10 mg/L phosphate solution through the

membrane. The unbound phosphate remaining in the fil-
trate was estimated by molybdenum blue method (APHA
). The amount of phosphate retained on the membrane

was converted to percentage of total phosphate retained on
membrane and referred to as percentage phosphate bind-
ing efficiency.

Precision and accuracy

Precision or repeatability was determined by repeated analy-

sis of spiked samples. Intra-assay variability is defined as the
variability in results after repeated analysis of the same
sample in one day. Standard samples in the range

1–10 mg/L were analyzed three times on the same day
(n¼ 5/concentration) and percentage relative standard devi-
ation (%RSD) was calculated.

Inter-assay variability is defined as the variability in

results after repeated analysis of the sample over several
days. The samples prepared for intra-day variability were
analyzed for 3 consecutive days and %RSD calculated

(n¼ 5/concentration). Long-term stability (4 weeks) of the
sensor response was determined by analysis of samples

prepared for intra-day variability on days 0, 7, 14, 21 and
28 and %RSD calculated (n¼ 5/concentration).

Accuracy or recovery refers to the closeness of the
measured value to the actual value. It is calculated as
(Measured concentration/Actual concentration) ×100.

Stability of biosensor probe

Cellulose acetate membranes were coated with 4 mg/mL

EBP, air-dried and stored at 4 WC and ambient temperature
(∼25 WC) for up to 4 weeks. Membranes were used at regular
intervals and phosphate concentration estimated in 10 mg/L

phosphate as described above.

RESULTS AND DISCUSSION

Phosphate estimation by spectrophotometric assay is prone
to interference by common environmental pollutants. Sev-

eral modifications in the spectrometric methods have been
developed which allow direct determination of phosphate
in samples which are less susceptible to interference by

environmental pollutants (Koga et al. ; Turel et al. ;
Mesquita et al. ; Zimmer & Cutter ). Methods based

Figure 1 | (a) Schematic diagram of the phosphate biosensor. The LED emits radiations and photodiode absorbs the radiations resulting in generation of a signal. The signal intensity is

proportional to color intensity on the cellulose acetate membrane. The output is amplified and the result obtained as current (mA). (b) Photograph of the phosphate biosensor

setup. Inset shows cellulose acetate membrane loaded in the biosensor.
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on chromatographic separation followed by spectrometric

analysis of phosphates have also been reported (Rodil et al.
; Yokoyama et al. ). However, these methods use
sophisticated instruments and require elaborate sample pro-

cessing before analysis which makes these methods unfit
for field/on-site measurements. In recent years, attempts
have been made to develop phosphate biosensors using
enzymes, synthetic receptors and polymers. However, a

major problem associated with using enzymes is their suscep-
tibility to poisoning/denaturation by environmental
pollutants, which may lead to false negative results. Further,

phosphate biosensors developed using synthetic receptors
are susceptible to interference by anions commonly present
in environmental samples and have not been tested for suit-

ability for field applications (Warwick et al. ).
The present study was aimed at developing a phosphate

biosensor based on the phosphate-binding capacity of EBP
for two reasons. First, EBP produced by mutant strain has

high selectivity for phosphate as compared to other ions.
Second, phosphate binding is not substantially altered by
presence of other ions. These two features ensure selectivity

of phosphate retention on EBP, even in the presence of
other ions/pollutants. Further, the method involves reten-
tion of phosphate during filtration through EBP-coated

membrane which results in concentration of the analyte
(phosphate) on membrane, thus increasing the sensitivity
of the biosensor. We believe that this is the first study that

reports the development of an EBP-based biosensor for
phosphate estimation. Further, the method combines the
advantages of selective retention of the analyte and an on-
line concentration step, which has not been reported in

other studies on biosensors.

Development of EBP overproducing exconjugants

The EBP production by wild type strain of Acinetobacter sp.
is fairly low for practical applications. Hence, transposon

mutagenesis was attempted to select strains producing
high levels of EBP. The initial screening of mutant colonies
was performed by visual inspection of colony morphology.

Mucoid colonies are expected to produce EBP and, there-
fore selected for further screening. Based on colony
morphology followed by dye staining, the mutant producing
the highest amount of EBP was selected. Further, EBP from

this mutant also showed the highest phosphate-binding effi-
ciency. Hence, the mutant was selected for fabrication of the
biosensor probe.

The EBP produced by mutant strain contained approxi-
mately 2-fold and 1.5-fold higher amount of sugars and

amino sugars, respectively compared to EBP produced by

the wild strain.

Optimization of operational conditions

The biosensor was optimized in terms of the amount of EBP
coated on the membrane. Membranes were coated with
100 μL of 1–6 mg/mL of EBP and phosphate binding deter-

mined. Phosphate retention on membranes increased with
an increase in the amount of EBP impregnated on mem-
brane and reached a plateau at 4 mg/L. A further increase

in EBP concentration to 5 and 6 mg/ml offered no sig-
nificant increase in phosphate binding (Supplementary
Figure 1, available online at http://www.iwaponline.com/

wst/068/520.pdf).
The biosensor is expected to obtain a balance between

sensitivity of detection/quantification and duration of analy-

sis. All other variables remaining the same, time taken for the
sample to pass through the membrane is an important factor
that can impact the total time of sample analysis. Hence, the
effect of EBP concentration on flow rate through the mem-

brane was determined. The flow rate was normalized to
that of uncoated membranes and expressed as percentage
of flow rate through uncoated membrane. As observed in

Supplementary Figure 2 (available online at http://www.
iwaponline.com/wst/068/520.pdf), the flow rate through

membranes remained unaffected by EBP up to a concen-

tration of 3 mg/mL. A further increase in concentration to
4 mg/mL resulted in a slight reduction in flow rate while a
further increase in EBP resulted in a sharp decline in the
flow rate (Supplementary Figure 2). The observed reduction

in flow rate may be attributed to blockade of membrane
pores by EBP at high EBP concentrations.

Hence, considering the near-maximal binding observed

at 4 mg/mL EBP and a significant reduction in flow rate at
higher concentrations above 4 mg/mL, coating of mem-
branes with 100 μL of 4 mg/mL EBP was selected for

biosensor validation and sample analysis.

Calibration and validation of biosensor

One millilitre of standard phosphate solutions (1–10 mg/L)
was passed through EBP-coatedmembranes. Themembranes
were treated with reagents and biosensor response was

recorded as milliamperes (mA). Biosensor response was
found to be linear in the range 1–10 mg/L phosphate with
R2> 0.99 (Figure 2(a)). The limit of detection and limit of

quantification was found to be 0.5 and 1 mg/L of phosphate,
respectively.
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The intra-day and inter-day variability was found to be

low suggesting high precision of the biosensor (Table 1).
The recovery samples were >95% at all concentrations.
Further, long-term measurements over 4 weeks also

showed low %RSD suggesting stability of biosensor.

Comparison of biosensor and spectrophotometric assay

The results of biosensor analysis were compared with a stan-
dard spectrophotometric method to further validate the
biosensor. Standard phosphate solutions in the concen-

tration range 1–10 mg/L were analyzed by biosensor. The
same samples were also analyzed by spectrophotometric
method and results obtained by both methods were com-

pared. Regression analysis showed that phosphate
concentrations determined by biosensor were in agreement
with those determined by spectrophotometric method

(Figure 2(b)). The coefficient of correlation was >0.99 and
slope of line was close to 1 (>0.99) suggesting a good
concordance between the two analytical methods.

Stability of biosensor probe

An important consideration in development of a biosensor is
the long-term stability of the probe. The long-term stability of
the probe is important as a large number of probes can be
prepared simultaneously, offering convenience in sample

analysis. Further, simultaneous preparation of probes reduces
inter-analysis variations that may arise due to preparation of
probes at different times.

The biosensor probes were prepared by coating mem-
branes with 4 mg/ml EBP and stored for up to 28 days at

Figure 2 | (a) Calibration curve of biosensor at 0–15 mg/L phosphate concentration. Data

are the mean of five samples/concentration. Inset shows regression analysis

of data points in the linear range of analysis. (b) Comparison of phosphate

concentration determined by biosensor and spectrophotometric method. Data

are the mean of five samples/concentration.

Table 1 | Precision, recovery and long-term stability of phosphate estimation by biosensor

Variability (%RSD)a Long-term stabilitya

Phosphate concentration (mg/L) Intra-day Inter-day % Recoveryb Day 0 Day 7 Day14 Day 21 Day 28

1 2.10 1.36 96.55 1.34 1.36 1.89 1.71 2.06

2 1.78 1.57 97.78 0.87 0.82 1.94 1.21 2.09

4 1.66 1.23 97.57 1.46 1.87 1.63 0.91 1.75

6 1.05 1.00 98.16 1.41 1.70 1.47 1.81 1.25

8 1.15 1.23 101.32 2.01 1.09 1.22 1.95 1.76

10 0.98 1.14 99.15 1.04 1.48 0.89 0.81 0.94

aData are %RSD of five samples/concentration.
bData are mean of five samples/concentration.
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4 WC and at ambient temperature (∼25 WC). Representative

membranes were drawn and 1 mL samples of 1–10 mg/L
phosphate were passed. Biosensor analysis showed that
the phosphate concentration determined by membranes

stored for up to 28 days did not significantly differ from
results obtained from freshly prepared membranes (day 0)
of the same lot. The %RSD was less than 5% (Table 2).

CONCLUSION

A biopolymer-based biosensor was developed employing the
molybdenum blue method for phosphate estimation. The bio-

sensor is sensitive and accurate. Further, the biosensor is
stable for long durations (at least 28 days) and does require fre-
quent calibration. To the best of our knowledge, a biopolymer

coupled to a simple electronic system with low power con-
sumption and reproducibility has not yet been reported for
detecting phosphate. The superiority of the biopolymer lies

in concentrating phosphate in its matrix on account of its
high affinity for phosphate and the bound phosphate is amen-
able to colorimetry, rendering the EBP sensor suitable in
areas with low phosphate concentration. The applicability

of biosensor can be extended for monitoring of environ-
mental, industrial and household wastewater analysis.
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