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This review covers the progress made in the development of sensors for inorganic and organic
phosphates that are significant pollutants within the environmental and biological systems. Phosphate
sensors in the forms of amperometric, potentiometric enzyme electrodes, plant tissue electrode and
screen printed electrode are described. Instrumental probes such as fluorescence, chemiluminescence,
luminescence and potentiometric ion selective electrodes are also described. Recent efforts on the use of
voltammetric, potentiometric and amperometric biosensors for the determination of phosphate are
highlighted.
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1. Introduction

1.1. Significance of phosphate

Phosphate is a well-known contaminant of ground and surface
water, and it is one of the two substances that have been
implicated in the frequent eutrophication of lakes and coastal
waterways, the other being nitrate [1–5]. Owing to its nature, it
can be present as inorganic and/or organic phosphorus. Phos-
phates are generally grouped into three main classes. They are
orthophosphate, condensed phosphate (which consist of pyre-,
meta-, and polyphosphate) and inorganic phosphorus [6]. The
largest single source of inorganic phosphorus is synthetic deter-
gent, while food and human wastes are the major sources of
organic phosphorus [1,2,4,7]. Through biological action in the
environment, all phosphorus are eventually converted to the
inorganic forms. Despite the various attempts that have been
made in recent years to encourage the use of phosphate-free
detergent and to minimise the use of phosphate fertilisers, very
high concentrations of phosphate are still often found in natural
waters and sediments [3,4,8]. Processes such as wind erosion,
surface runoff and leaching are the main pathways for transport of
phosphorus from terrestrial to aquatic ecosystems. The discharges
from these processes are further accelerated by agriculture, animal
husbandry and other anthropogenic activities. These various
sources result in increasing levels of phosphate and the eutrophi-
cation of lakes and coastal water [9,10]. Keup [11] observed that
increasing the phosphate concentration in a body of water also
caused accelerated growth of plankton, which made such water
unsuitable for drinking.

Phosphorus is also an essential nutrient for all plants and it is
normally absorbed via the roots. In modern agriculture, phos-
phorus is supplied to crops as fertiliser. Commercial phosphorus
is manufactured from phosphate rock, which is mined in various
locations throughout the world. However, there has been some
concern that the phosphate rock reserve is being rapidly
depleted as a result of its increasing use. According to a recent
estimate, the current reserve is expected to last for less than 100
years [9,12].

The presence of phosphate in drinking water is another area of
concern. Consequently, the determination and control of phos-
phate in natural water sources is a high priority for maintaining
good water quality. The maximum permissible concentration of
phosphate in drinking water recommended by the World Health
Organisation is 1 mg L−1. In Australia the maximum permissible
level of phosphate in drinking water is 0.046 mg L−1 [13].

Phosphate measurements are also important for clinical diag-
nosis of various disorders. The diagnosis of hyperparathyroidism,
hypertension [14], vitamin D deficiency, mineral and bone dis-
order [15] and Franconia syndrome [16,17] is some of the clinical
conditions where the determination of phosphate concentrations
in body fluids is necessary. The determination of phosphate levels
in body fluids can also provide useful information about several
diseases such as kidney failure [15]. The adverse effects of
abnormally elevated blood level of phosphate (hyperphosphate-
mia) such as calcium phosphate deposition can lead to kidney
damage The energetic state of the cell and bone function because
phosphate salts are known to provide mechanical rigidity to bones
and teeth [12,14,15,18]. Phosphate activities in the body organs
include intestinal absorption of phosphate from the diet, release
of phosphate through bone resorption, and renal phosphate
excretion [19]. Khoshiniat et al. reviewed the data that phos-
phate sensing mechanism may be present in various organs and
such sensor will detect changes in serum or local phosphate
concentration. This suggest that phosphate is a signal regulating
biological process such as bone or vascular calcification [18].
Phosphate is a well known genetic component of cells respon-
sible for the production of proteins in living systems. Adenosine
triphosphate (ATP) in cells has recently been analysed by Chen
et al. [20], thus, phosphate ions and its derivatives thus play an
important role in energy and signal transduction [21–23].
Shervendani and Pourbeyaran [24] monitored phosphate in
blood serum for phosphate management in CKD-related mineral
and bone disorder.

Millions of dollars are also spent on wastewater treatment to
remove phosphate from water prior to disposal [9,25]. For these
reasons the monitoring of phosphate concentration is very impor-
tant for maintaining good water quality and minimising pollution
of natural waters. Fast, simple and sensitive methods for measur-
ing phosphate concentrations are required to enable rapid assess-
ment of phosphate in various systems. This review examined the
developing strategies in the various fabrication methods of sensi-
tive and selective biosensors for rapid determination of phosphate
in natural waters and to compare the merits and limitation of
other recent competing techniques. This review is divided into
four major parts: the first part which deals with the introduction,
the second part deals with methods of phosphate determination,
the third parts deals with biosensor and phosphate biosensor and
the fourth part is other techniques of phosphate sensing. The aim
of this review is to provide an update on work on phosphate which
has been published in the period from 1970 to 2012 and targeted
mainly at researchers who are active in the field of phosphate
sensing.
2. Methods of phosphate determination

2.1. Classical methods

Classical analytical methods commonly employed for routine
determination of phosphate are gravimetric methods (phosphate
precipitated as magnesium pyrophosphate, magnesium ammo-
nium phosphate hexahydrate), volumetric methods (by titration of
ammonium phosphomolybdate with sodium hydroxide) and clas-
sical instrumental method based on spectrophotometric and
chromatographic measurements [26–35], but these techniques
require sample pre-treatment that can be time consuming, expen-
sive and produce toxic wastes. Due to poor sensitivity of classical
methods, most samples after dissolution are analysed by means of
instrumental methods. Most commonly, phosphate determination
is based on the molybdenum blue method of Fiske and Subbarow
[34], which are both complicated and time consuming. Nakamura
et al. compared this method with a phosphate biosensor method
and found that as a result of acidification of sample in molybde-
num blue method, biosensor methods are less complex and more
sensitive.

The methods commonly employed for determination of phosphate
in natural waters include colorimetry [37–45], ion chromatography
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[46–49], flow injection analysis (FIA) [50–53] and potentiometry [54–
57]. Classical instrumental methods are sensitive and mainly used for
laboratory determination of phosphate and they have detection limit
between 20 and 150 nmol L−1. Molybdate/rodamine fluorescence
method gave a detection limit of 20 nmol L−1 [58,59]. Unfortunately,
most of these methods do not permit direct or field measurement of
phosphate and they also have poor selectivity, involve tedious
procedures and/or operations, and sometimes require the use of heavy
metal ions and hazardous chemicals which can affect human health
and the environment. Some of the colorimetric phosphate test kits are
now commercially available for qualitative spot test, but they are
prone to interferences. The availability of a simple and compact device
that can be used in the field will enable rapid detection of phosphate
and immediate assessment of its impact by non-expert field officers.
The use of a biosensor for phosphate determination will provide most
of these advantages, however, to our knowledge, there are still no
commercially available phosphate biosensors. Further studies in this
area are still necessary before such development can become a reality.
Fig. 1. Oxygen-dependent first-generation biosensor with amperometric detection [62].
2.2. Biosensor

A biosensor is a device which has a biological sensing element
either intimately connected to or integrated within a transducer
that gives an electrical/digital electronic signal [60–62]. More
specifically, biosensors are useful for accomplishing rapid, simple,
selective and economic detection of various substances. The aim in
fabricating a biosensor is to produce an electrochemical signal,
which is proportional to the concentration of a specific chemical or
set of chemicals. The compact analytical device usually contains a
biological or biologically derived sensing element, e.g. enzymes,
antibodies, micro-organisms or DNA, either integrated with or in
intimate contact with a physicochemical transducer, e.g. electro-
chemical, optical, thermometric or piezoelectric [61–63]. These
bioactive sensing elements are also referred to as “bioreceptors”.

The bioreceptor typically converts or helps to accelerate the
conversion of the analyte of interest into another chemical species
and/or physical property that is sensed and then transformed into
an electrical signal by the transducer. In this case the transducer
can be an electrode. In an ideal situation, where the sample matrix
is not too complex, this would be accomplished without pre-
treatment or the addition of any reagents. The biosensor lifetime,
stability, reproducibility and calibration requirements are influ-
enced significantly by the chosen biological component; for
example, an enzyme-based biosensor composed of an immobilised
enzyme at the surface of an electrochemical sensor. Consequently,
the enzyme reacts with a substrate and consumes a co-reactant as
illustrated below:

SubstrateþCo-factor ⟹
enzyme

Product ð1Þ
Either step can be monitored electrochemically or by generat-

ing an electroactive product. The transduction element of a
biosensor must be capable of converting a specific biological
reaction (binding or catalytic) into a response, which can be
processed into a useable signal. This element must be suitable
for the immobilisation of the biological component at or close to
its surface.

Previous studies have reported biosensors for the determina-
tion of various substances, such as glucose [64–103], urea [104–
107], L and D amino acids [108], sulphite [109,110], DNA [63,111],
cholesterol [112–123] and phosphate [124]. Of these, the develop-
ment of biosensors based on electrochemical detection has
attracted most interest in recent years. Most of these sensors are
based on a redox enzyme such as glucose oxidase, where an
electron is transferred from the substrate through an electron
mediator or directly to the transducer (e.g. amperometric
detector). Electrochemical methods provide quick and quantitative
site assessment that can be performed by non-expert, they are
portable, they are easily miniaturised and their operation is
simple. Berchmans et al. [125] in their resent review classified
sensing strategies based on the electrochemical detection techni-
ques used viz., potentiometry, voltammetry, amperometry and
unconventional electrochemical methods. The different types of
electrochemical detection modes employed in this area are
discussed below.

2.2.1. Amperometric enzyme electrode
An enzyme electrode usually consists of a layer of immobilised

enzymes attached to an electrode material, such as gold, platinum,
silver, copper or carbon. The enzyme is chosen to catalyse a
reaction, which generates a product or consumes a co-reactant
and can be monitored electrochemically [62,63]. In amperometric
enzyme electrode a constant potential is applied and the redox
current generated is measured. The electrochemical signal pro-
vides a measure of the analyte concentration. The main advantage
of the electrochemical biosensor is that the analytical signal is
electrical in nature and this greatly reduces the complexity of the
transducing system and controlling electronics.

The electrode reaction involved in most biosensing devices is
often the reduction of oxygen or the oxidation of hydrogen
peroxide:

O2þ2H2Oþ2e−-H2O2þ2OH− ð2Þ

H2O2-2Hþ þ2e−þO2 ð3Þ
Oxygen takes part in these reactions as a reactant, while

hydrogen peroxide is a product of the reactions as in Fig. 1. These
electrode reactions usually take place at the surface of a platinum
electrode. The reactant or the product of the enzymatic reaction is
often detected amperometrically. The distinct advantage of using
enzymes as the biocomponents in sensor development is the
ability to achieve greater analyte specificity. The high specificity
reduces the need for pre-treatment of samples so that direct
analysis may be carried out regardless of the sample matrix or
complexity [60].

Ideally, enzymes with absolute specificity would be preferable
for analytical use [126]. Examples of these include cholesterol
oxidase [127], glucose oxidase, sulphite oxidase, urease and urate
oxidase. While amperometric methods used for phosphate include
that of Khonisita [128] and others [129–133]. Recently, Soukup
[58] used Rodamine and its compounds for amperometric phos-
phate sensing while Gilbert analysed phosphate in urine [300].
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2.2.2. Potentiometric enzyme electrode
A potentiometric enzyme electrode or potentiometric biosensor

consists of a layer of immobilised enzymes on an electrode and the
measurement of potentials at the working electrode is with respect
to the reference electrode. The rate of potential change, rather than
steady state potential values, is often used as the analytical signal for
quantification of the substrate. Some of the reported potentiometric
biosensors include the use of glucose oxidase immobilised in poly-
pyrrole (PPy) for potentiometric detection of glucose [97,135]. Urease
immobilised in an electrodeposited PPy layer was used for potentio-
metric detection of urea [109]. A creatinine enzyme electrode was
made by co-immobilisation of creatinase, and sarcosine oxidase in a
PPy matrix [136]. Menzela et al. [137] have also described a
potentiometric enzyme electrode for phosphate determination
which involved co-immobilisation of purine nucleoside phosphor-
ylase (PNP) and xanthine oxidase (XOD). Adeloju and Lawal [5,139–
142] also described potentiometric enzyme electrode for phosphate
determination which involved co-immobilisation of purine nucleo-
side phosphorylase (PNP) and xanthine oxidase (XOD) into PPy.
3. Phosphate biosensors

3.1. Nanomaterial for fabrication of phosphate biosensor

Nanomaterials such as nanowires, nanorod, graphene, and
nanotubes have attracted a great deal of interest in recent years
for fabrication of biosensors with improved analytical perfor-
mances, ruggedness and mechanical stability. These improve-
ments are often attributed to the unique chemical and physical
properties of the nanomaterials. Nanomaterial is usually used as a
platform for the fabrication of biosensor. A practical approach to
direct film or nanomaterial formation onto small or irregularly
shaped electrodes, microelectrodes and microarray electrode is
the use of electropolymerisation [143]. Electropolymerised film is
self-regulating, possesses uniform thickness that covers the elec-
trode evenly regardless of shape or size (10−9 m). It makes this
approach attractive for microarray electrodes [143].

The electropolymerisation of pyrrole offers one of the unique
approaches for direct and indirect immobilisation of enzymes and
other bioactive substances in or onto conducting polymer (poly-
pyrrole) films. Direct immobilisation by this approach involves
entrapment of bioactive substances into the polymer during its
electrochemical polymerisation. In contrast, the indirect immobi-
lisation involves chemical attachment, usually by covalent bonding
of the bioactive substance onto a pre-formed polypyrrole film.

Both of these approaches have gained considerable interest in
the fabrication of conducting polymer biosensors [144]. Recent
studies by Adeloju et al. [5,141,145,146] have demonstrated that
the electrochemical immobilisation of enzymes, such as urease,
sulphite oxidase, purine nucleoside phosphorylase (PNP) and
xanthine oxidase (XOD) and formate dehydrogenase into conduct-
ing polypyrrole can be employed for the fabrication of biosensor
for urea, sulphite, and formate determination, respectively. Gosh
et al. [147] also immobilised purine nucleoside phosphorylase
(PNP) and xanthine oxidase (XOD) onto electropolymerised poly-
pyrrole. An important advantage of this electropolymerisation
strategy is the ability to enable both the enzyme catalysis and
analyte sensing to be performed on a single conducting polymer
film. Adeloju and Lawal also used this method of immobilisation of
PNP and XOD to analyse phosphate [5, 132, 139–142].

3.2. Amperometric phosphate biosensor

The first phosphate biosensor developed by Guilbault and
Nanjo [204] was based on the inhibition of alkaline phosphatase
by phosphate, but this lacked sensitivity and was not suitable for
analysis of phosphate in natural water. The detection limit was at
about 0.1 mmol L−1. The sensor was also not selective for phos-
phate and produced signal for arsenic, borate, tungstate and
molybdate. Other works on the development of phosphate bio-
sensors focused on the use of immobilised phosphatase and in
some cases, with glucose oxidase [21–26]. Guilbaut and Cserfalvi
[148] suggested phosphorylase, phosphoglucomutase and glycer-
adehyde phosphate dehydrogenase enzyme system for use in
phosphate-sensitive enzyme electrodes.

In Guilbaut and Cserfalvi system, glycogen and NADPH were
employed in conjunction with three enzymes: phosphorylase,
phosphoglucomutase and glyceradehyde-3 phosphate dehydro-
genase or glucose-6-phosphate dehydrogenase catalysis. The cat-
alytic reaction resulted in the formation of NADH, which was
subsequently detected electrochemically. Fernandez et al. [149]
also constructed a reagentless amperometric phosphate biosensor
with these trienzymes and a scheme that incorporates an Os (1,10-
phenanthroline-5,6-dione)2Cl2 mediator for electrocatalytic recy-
cling of NADH. These approaches were based on the electroche-
mical detection of NADH. However, this sensor relied upon three
multiple enzymatic reactions:

GlycogenþOrthophosphate ⟹
Phophorylase -a

α- Glucose-1-phosphate
ð4Þ

α-Glucose-1-phosphate ⟹
Phosphoglucomutase

α-Glucose-6-phosphate
ð5Þ

α-Glucose-6-phosphateþNADPþH2O ⟹
Glucose-6-phosphate-dehydrogenase

6

-Phosphogluconic acidþNADPH ð6Þ

Addition of phosphate to a solution containing glycogen results
in the production of α-glucose-1-phosphate, as indicated in Eq. (4).
This product is then converted to α-glucose-6-phosphate in Eq. (5),
which reacts together with NADP in Eq. (6) to produce NADPH. The
resulting product (NADPH) can then be electrochemically oxidised
back to NADP, thus enabling amperometric detection. This system
gave a detection limit of 6 μmol L−1 of phosphate with an extended
linear dynamic range up to 2 mmol L−1 The more phosphate that is
added to the system, the more NADPH is produced and the greater
the current will be. This system was found to work in solution,
however, an immobilisation with starch or glutaraldehyde was
found to inactivate some of the enzymes [89].

Phosphate biosensors based on the use of a two enzyme
system, which contained purine nucleoside phosphorylase (PNP)
and xanthine oxidase (XOD), were subsequently reported [150].
Several studies of this bienzyme system with PNP and XOD have
been reported by several researchers such as D'Urso and Coulet
[150], Watanabe and Endo [151], Male and Luong [152], Wollen-
berger et al. [153], Kulys et al. [130], Yao et al. [154], Konisita et al.
[155], Voβ and Stuben [156] and Heammeli et al. [157], in their
attempts to improve the detection limit and sensitivity of the
earlier phosphate biosensors. D'Urso and Coulet [150] used the
bienzymes to improve the detection limit for phosphate by a
hundred-fold. In this case the enzyme catalyses the conversion of
phosphate ions to hypoxanthine, as an intermediate product. They
were able to increase the sensitivity of this method by using a
hydrogen peroxide transducer instead of using an oxygen elec-
trode and a detection limit of 10−7 mol L−1 was confirmed.

Adeloju and Lawal recently used this bienzyme to analyse
phosphate [5,132,139–141]. The second enzyme is used to produce
hydrogen peroxide and uric acid, as shown in Eqs. (7) and (8)
[140,158]. Evidently, XOD plays the role of a biological amplifier,
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generating 3 mol of electroactive species (2 mol of peroxide and
1 mol of uric acid) for 1 mol of phosphate.

Watanabe et al. [151] immobilised PNP and XOD on a mem-
brane cellulose triacetateglutaraldehyde and 18 diamino-4-ami-
nometyloctane, while D'Urso and Coulet [150] immobilised the
bienzyme on polyimide membrane. Oxygen was monitored as
phosphate was added to a solution containing inosine, resulting in
the formation of hypoxanthine. This bienzyme is usually immobi-
lised on oxygen or platinum electrode and the oxygen consumed
or H2O2 produced, as indicated by reactions (7) and (8), is detected
amperometrically:

Inosineþorthophosphate⟹
PNP

Ribose-1-phosphateþhypoxanthine

ð7Þ
and

Hypoxanthineþ2H2Oþ2O2⟹
XOD

Uric acidþ2H2O2 ð8Þ
A reduction in current was detected as the oxygen was

consumed together with hypoxhanthine, as indicated in Eq. (8).
The decrease in the measured current was proportional to the
phosphate concentration. A detection limit of 10−4 mol L−1 phos-
phate was achieved by this method. This bienzyme system appears
to be very sensitive, but requires two other enzymes, urate oxidase
for obtaining hydrogen peroxide from uric acid oxidation (Eq. (9))
and peroxidase for light emission in the presence of luminol:

Uricacidþ2H2OþO2 ⟹
Urateoxidase

allantoinþH2O2 ð9Þ
The concentration of H2O2 produced in reaction (8) is subse-

quently measured colorimetrically or electrochemically [141,150–
156,160]. However, the operational stability of the bienzyme
system used by D'Urso and Coulet [150] was poor, losing about
30% of their initial sensitivity within 29 h. This appears to be due
to the instability of the immobilised enzymes within the commer-
cially available polyamide used in that study. It is possible,
however, to overcome this problem by using other immobilisation
strategies and/or other immobilisation substrates. Male and Luong
[152] used the same bienzyme (PNP and XOD) system for FIA
determination of phosphate, immobilising the enzymes on reacti-
vated nylon membrane, which was attached to the tip of a
platinum electrode. The operation stability was also poor, losing
about 30% of its activity. An improvement of sensitivity was
achieved by Wollenberger et al. [153] and Kawasaki et al. [17]
when regenerated phosphate or analyte recycling was used with
the bienzyme (PNP and XOD). Kulys et al. [160] also published a
variation on the PNP-XOD system using a graphite electrode
modified with 7,7,8,8-tetracyanoquinodimethane (TCNQ). No lin-
ear calibration was achieved and the detection limit was
2.2.�10−4 mol L−1. Yao et al. [154] used glassy carbon electrode
with glutaraldehyde, while Kinosita et al. [155] covered the
electrode with a dialysis membrane for determination of inorganic
phosphate in serum. In the review of phosphate sensors by
Engblom [161], Vob and Stilben [156], Berchams et al. [162] and
Warwick et al. [163], the enzymes PNP and XOD were immobilised
on cellulose nitrate membrane pore sizes of 0.01–0.45 μmol L−1

and obtained a linear calibration in the range from 10–8 to 10–
4 mol L−1, with response times varying between 12 and 30 min.
However, inosine, which is an indispensable reagent in the two-
enzyme system, is degraded.

Adeloju and Lawal [132,139,140,142] immobilised PNP and XOD
both in polypyrrole and BSA and GLA on a platinum electrode.
Hydrogen peroxide was both amperomerically and potentiome-
tricaly measured. The detection limits were 20 and 1 μmol L−1

respectively
Bienzyme system developed by Cosnier et al. [164] used alka-

line phosphatase (AP) and polyphenol oxidase (PPO), which were
immobilised into amphilic polypyrrole by electropolymerisation.
The measurement of phosphate is based on the inhibition of the
AP activity for the hydrolysis of phenylphosphate. The resulting
phenol is then catalytically oxidised by PPO to o-quinone. The
decrease in phenol formation is monitored by applying a constant
potential of −0.2 V vs SCE for amperometric detection of the
biocatalytically generated o-quinone. Recently, Yao et al. [116]
used acid phosphatase for the development of a biosensor for
determination of orthophosphate.

Another sensitive method using four enzymes for the determi-
nation of phosphate used a recycling and amplifying system
consisting of maltose phosphorylase and phosphatase, glucose
oxidase (GOx) and mutarotase [165]. This method is highly
sensitive, achieving a detection limit of 0.01 μmol L−1. However,
it suffered from low reproducibility and had a narrow linear
concentration range. Hence it was unsuitable for the determina-
tion of phosphate concentration in natural waters. Mousty et al.
[166] used a simple method to fabricate an amperometric phos-
phate biosensor containing MP, MR, and GOD with a linear range
of 1–50�10−6 mol L−1

Several systems suitable for on-site phosphate monitoring used
pyruvate oxidase (PyrOx) derived from Pendiococcus sp or pyruvate
oxidase G [167] or PyOx from Lactobisilus [168]. The hydrogen
peroxide produced in this case was measured with an oxygen
electrode [167,169–172] and the achievable detection limit was
12 μmol L−1. The reaction involved was as follows:

PyruvateþPhosphateþH2OþO2 ⟹
Pyruvate oxidase

Acetylphosphate

þH2O2þCO2 ð10Þ

In order to improve the sensitivity, a luminol chemilumines-
cence reaction was employed to detect the hydrogen peroxide
produced by PyrOx reaction [167,172–177]. Although the sensor
showed a linear response from 4.8 to 10 μmol L−1 phosphate, it
was not sufficiently sensitive to detect phosphate in river water,
where the ideal maximum permissible concentration is
0.32 μmol L−1. Phosphate contamination of the thiamine pyropho-
sphate (TPP), which is a co-factor of PyrOx reaction, was a serious
obstacle to the improvement of the detection limit of the biosen-
sor. This is because the level of phosphate present in TPP limits the
ability to detect lower phosphate concentration. The TPP was
therefore purified by ion exchange column chromatography.
Chemiluminescence detection of hydrogen peroxide has also been
used with the flow injection method [178]. This system is based on
the H2O2 generated by pyruvate oxidase that reacts with luminol
catalysed by an immobilised peroxidase. The resulting chemilu-
minescence is detected by a photomultiplier. This system uses a
flow injection analysis (FIA) system resulting in the rapid deter-
mination of phosphate. This system appears to be very sensitive;
however, it requires two other enzymes: urate oxidase for obtain-
ing hydrogen peroxide from uric acid oxidation and peroxidase for
light emission in the presence of luminol, according to Eqs. (10)
and (11).

Osmium bipyridyl units functionalised pyrrole monomer, copo-
lymerized electrochemically with thiophene was used as a med-
iator for pyruvate oxidase electron transfer and the detection of
phosphate was demonstrated successfully using this mediator. The
sensitivity of detection achieved in this case is 0.2 A cm−2 and
detection range is between 0.02 and 5 mol L−1 [179].

The reaction involved in this case was

H2O2þLuminol-α-AminophthalateþN2þ light ð11Þ

Recently Jorica et al. [180] found that molybdophosphate
complex formed from othphosphate in sea water is detectable by
amperometry with an average precision of 2.2% for the phosphate
concentration range found in the open ocean and the detection



Fig. 2. Potentiometric detection of phosphate exploiting alkaline phosphatase (AP)
inhibition [314].
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limit was 0.12 μmol L−1. Lindino et al. [181] also recently used
modified chitosan electrode, a construction of an electrode mod-
ified with chitosan to analyse phosphate ions. An Amperometric
technique offers portability and excellent sensitivity which make
them very attractive for onsite monitoring of phosphate. Further-
more, the interference from ions like silicate and arsenate can be
completely avoided as reductions of their respective species occur
at different potentials. Amperometric biosensor possesses some
limitations. The oxidation of peroxide is hampered by poor
electrode kinetic at electrode which can lead to application of
high potential before a quantifiable signal is obtained. This will
also introduce a high degree of interference from oxidation of
other analyte in the matrix and could lead to erroneous amplifica-
tion of signal.

3.3. Amperometric electrochemical reduction of phosphomolybdates

Intensely blue colour of phosphomolybdates which allows
spectrophotometric determination of trace level phosphate in an
analyte is a routine analytical method. The method is not entirely
and universally satisfactory. To avoid the complications arising
from the use of chemical reducing agents, phosphomolybdate ions
are reduced electrochemically followed by spectrophotometric
analysis. This technique has successfully been employed for the
determination of orthophosphates in beverages, waste waters and
urine samples [182].

Several reports on the electrochemical determination of phos-
phate using phosphomolybdates are available in the literature
[183–190]. Amperometric detection in flow injection analysis is
widely reported in the literature [183,185–188]. Quintana et al.
describe formation of phosphomolybdate complex in presence of
nitric acid, ammonium molybdate and phosphate and its subse-
quent reduction at a carbon paste electrode, polarised at þ0.3 V
(vs Ag/AgCl) [183]. Galado et al. [191] also used molybdenum
chemistry to determine phosphate with detection limits lying
between 1 μmol L−1and 1 nmol L−1 range

The major characteristics of this method were simplicity of the
equipment, limited consumption of reagents and low limit of
detection (0.3�10−6 mol L−1) with a linear range between 1 and
20�10−6 mol L−1 as shown in Table 1.

3.4. Potentiometric phosphate biosensor

There are few potentiometric phosphate biosensors. Katsu and
Kayamotto used the reaction of o-caboxylphenilphosphate and
alkaline phosphatase [193], i.e., the AP enzyme-induced cleavage
of phosphate as shown in Fig. 2. The detection limit was 0.05
�10−3 mol L−1. The method was successfully applied to the
determination of phosphate in blood serum [194].
Table 1
Summary of phosphate detection methods using amperometric analysis [163].

Method Linear range
(mmol L−1)

Detection
limit
(mmol L−1)

Pote

Enzyme based sensor, generating hydrogen
peroxide

0.003 Dur

Reduction of ferrocene based macrocyclic
synthetic receptor

4.3–10.2 High
extr

Reduction of ferrocene based macrocyclic
synthetic receptor with guanidinium
moiety

Dete

Reduction of phosphomolybdate complex 0.03–0.62 0.009 Req
Reduction of phosphomolybdate complex.
(with concentration step)

0.05–0.5
(0.0001–
0.01)

0.03(0.0002) Pote
Pho
Menzel et al. [195] described a potentiometric phosphate
biosensor. They used fluoride-sensitive semiconductor chip and
PNP and XOD system (Eqs. (7)–(9)). Lawal and Adeloju [140–142]
also fabricated potentiometric phosphate biosensor by immobilis-
ing PNP/XOD into polypyrrole.

3.5. Other electrochemical phosphate sensors

3.5.1. Conductometry
Conductometry is another mode of electrochemical detection

which measures resistivity. Phosphate has been determined by
Zhang et al. [196] and Guedi [197]. They described the design of a
conductometric biosensor to monitor aquatic environments. This
biosensor is based on the measurement of the alkaline phospha-
tase activity of the microalgae.

The detection limit achieved was 1�10−6 mol L−1. No interfer-
ence from other anionic species was detected. The conductometric
biosensor exhibited a long-term storage and operational stability as
well as a good thermal stability.

3.5.2. Voltammetry
This technique involves the measurement of current as the

potential of the working electrode is varied. Hence, a three-
electrode system of working, reference and auxiliary is employed.
The analyte concentration is proportional to the reduced or
oxidised peak current of the measured species. The cyclic voltam-
metry (CV) mode of detection has been used to analyse cholesterol
[185,198]. Phosphor–molybdenum complex has been subjected to
CV to analyse phosphate by Fogg et al. [185–188,199]. They used
differential-pulse voltammetric determination of phosphate as
molybdo-vanadophosphate at a glassy carbon electrode and were
used for assessment of phosphate in industrial effluent. This
method has the disadvantage of using high voltage to get
any reasonable signal which could introduce interfering signals
from other analytes. Recently Norousi et al. used CV to analyse
phosphate [200] while Chalk and Tyson [201] also used CV to
ntial issues Reference

ability in field conditions [315]

linear range and unspecified detection limit. Sensitive to pH
emes

[231]

ction of pyrophosphate but not orthophosphate [231]

uires reagents to avoid interference from silicate and to achieve signal [183]
ntial interference from organic phosphates. Sensitive to chloride.
sphomolybdate complex precipitates at higher concentrations

[316]



Table 2
Summary of phosphate detection methods using voltammetric analysis [163].

Method Linear range
(mmol L−1)

Detection limit
(mmol L−1)

Potential issues Ref.

Redox of molybdo-vanadophosphate 0.03 Electrode requires daily clean. Addition of heteropolyacid required to
counter intereference

[199]

Cobalt based synthetic receptors Experiment performed in acetonitrile not water [231]
Inhibition of redox reaction of potassium
hexacyanoferrate

16 High detection limit [289]

Zirconium dioxide nanoparticles Only demonstrated for organo-phosphates [317]
Inhibition of an enzyme based glucose
electrode

1.2–31 0.009 Enzyme based electrode may not be robust in field conditions [200]
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monitor phosphate. Other techniques, such as piezoelectric trans-
ducers, have been used to measure small amounts of phosphate
material. Electrochemical techniques have advantages over spec-
trophotometric methods:
1.
 They suffer less interference from dissolved silicon or turbidity.

2.
 They do not suffer from refractive index (Schlieren) effects in

high-salinity samples.

However, as shown in Table 2, the LOD of these techniques is
typically of the order of 0.1–5 mol L−1 [29], so it is necessary to
combine them with analyte preconcentration.

The voltammetric and amperometric sensors suffer from a lack
of selectivity, limiting their suitability and, while enzyme based
amperometric sensors may perform well in biomedical applica-
tions, their suitability and robustness for onsite use is limited. Ion
selective electrodes (ISE) suffer from limited lifetimes; require pre-
treatment in solution, or both, limiting suitability for field mea-
surements and continuous monitoring. Similarly, the methods also
suffer from poor selectivity or durability.
4. Other techniques used in phosphate sensing

4.1. Optical instrumental methods

Numerous methods for optical determination of phosphate are
described as shown in Table 1. Instrumental techniques have long
been used for phosphate detection with spectroscopic, coupled
with flow injection analysis (FIA) routinely used for laboratory
based phosphate analysis. Optical instrumental probes have been
used to analyse inorganic phosphates, organo-phosphates, phos-
phoproteines and phosphate ions in general. The probes include
fluorescence, luminescence, and chemiluminescence, spectropho-
tometric and UV–visible methods. Optical instrumental probes are
sensitive and mainly used for laboratory determination of phos-
phate and they have detection limit between 20 and 150 nmol L−1.
Molybdate/rodamine fluorescence method gave a detection limit
of 20 nmol L−1, but they are prone to interference, unstable or
erratic measurement and lack of selectivity due to the fact that
some reagents can produce emission for more than one analyte.

4.1.1. Spectrophotometric and UV methods
Spectrophotometric methods based on the formation of the

blue or yellow form of phosphomolybdate or vanadophosphomo-
lybdate heteropolyacids are most frequently used to quantify
phosphate concentrations between 1 and 20 mol L−1.

In visible range, molybdenum yellow shows maximum absorp-
tion. Jorica et al. conducted continuous automatic monitoring of
phosphoric ion in coastal water [180]. Sofia et al. [203] and
Rodriquest et al. [204] used spectrophotometric flow system using
vanadomolybdophosphate detection chemistry and a ytterbium (III)
and dynamic measurements of light scattering intensity at long
wavelength for the determination of phosphate. In the presence of
some reducing agents, such as ascorbic acid, hydrazine and tin (II)
chloride, molybdenum yellow can be reduced to form molybdenum
blue, which shows stronger light absorption than molybdenum
yellow and the maximum absorption wavelength are at longer
wavelengths around 650–850 nm. At these wavelengths various light
emitting diodes (LED) are now used to monitor phosphate and Mas
et al. [205] applied this system to the on-site determination of
phosphate in river water samples: LOD was 5 μmol L−1 of phos-
phorus. In spite of the relatively unstable nature of tin (II) chloride,
this reductant usually gives the best overall results. Silicate, arsenate
and germanate are the main interferences of these methods since
these ions also form heteropolyacids, which on reduction yield
molybdate blue species with similar absorption maxima. Other
alternatives for the determination of phosphate are the methods
based on the formation of ionic pairs of either molybdophosphate or
vanadomolybophosphate with basic dye compounds such as Mala-
chite Green, Rhodamine B, Crystal Violet, and Methylene Blue.
Spectophotometric methods also include that of Mass et al., Galhado
et al. and Abdallaa et al. [191,205,206] who used molybdenum blue
chemistry to determine phosphate. Gimbert [207] and Nevesa et al.
[208] used spectrophotometric flow system using vanadomolybdo-
phosphate detection chemistry and a liquid waveguide capillary cell
for the determination of phosphate. Di et al. [209] determined trace
phosphate ion with 3,3′,5,5′-tetramethylbenzidine using a flotation-
extraction preconcentration method and spectrophotometric detec-
tion. Matsunaga used photo-microbial method for selective determi-
nation of phosphate [184,208]. Jing Lu and Gui used selective
determination of orthophosphate and total inorganic phosphates in
detergents by flow injection photometric method (FIA) [210]. Naka-
tani et al. [32] used spectrophotometer to simultaneously determine
phosphate and silicate ions in river water by using ion-exclusion
chromatographic separation and post-column derivatisation. Partey
et al. [211] used flow cell coupled with miniaturised spectrophot-
ometers to determine phosphate in sea water. Spectrophtometric
method is suitable for routine field measurements of phosphate and
achieves LODs of 0.8 nmol L−1 phosphates but it requires complex,
expensive and bulky equipment and is not amenable to field
applications. This method also suffers from interference arising from
arsenates, silicates, sulphides, oxidising agents and other anions. This
method is labour intensive and require continued use of consum-
ables (reagents and cuvettes), which incur direct costs and require
safe disposal [163].
4.1.2. Chemiluminescence methods
Chemiluminescence (CL) can be defined as the production of

electromagnetic radiation (ultraviolet, visible or infrared) as con-
sequence of a chemical or biochemical reaction. In this procedure,
the chemical reaction produces sufficient energy to induce the
transition of an electron from its ground state to an excited state.
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To return to its ground state the electron can either lead to the
emission of a photon, a process called CL, or the excited molecule
can lose energy by undergoing chemical reactions, by collisional
deactivation, internal conversion or inter-system crossing. The
oxidation of luminol (3-aminophthalhydrazide) results in the
chemiluminescent emission of blue light (440 nm) and is the basis
of several methods for phosphate analysis. The reactions involved
are as in Eqs. (10) and (11).

Ikebukwo andWakamura used pyruvate oxidase that gives rise to
H2O2, which can be detected through its reaction with luminal that
produced chemiluminescence for detection of phosphate [212],
Kawazaki et al. used PNP/XOD and urate oxidase with FIA/chemilu-
minescence detection of phosphate [17], and Yaqoob et al. [213]
determined nanomolar concentrations of phosphate in freshwaters
using flow injection with luminol chemiluminescence detection.
Others researchers who used chemiluminescence approach are
Nakaruma [173,214–216], Nonaka [217], Saeed [218], Cardumul
et al. [219]. Lin [30,217,220], Bandoline [221] and Chen [54].

Nkrumah et al. [173] later used three-enzyme system for the
generation of hydrogen peroxide to produce a system capable of
continuously monitoring phosphate concentrations of 1.0 μmol L−1.
The system consisted of maltose phosphorylase (MP, EC2.4.1.8),
mutarotase (MUT, EC 5.1.3.3) and glucose oxidase (GOD, EC 1.1.3.4).
In this case, no co-factors are involved in the reactions and the
substrate maltose is stable and inexpensive. However, the determi-
nation relies upon three consecutive enzymatic reactions, making the
optimization process difficult. Nakaruma et al. [222] also developed
CL system with immobilized enzymes, and a biosensor was used for
phosphate determination in drinking waters: LOD was 0.96 nM.
Similarly, enzymatic flow injection CL detection methods were
developed. Ines et al. [223], in a review on the flow analysis of
phosphorus with chemiluminescence detection, reported that most
of the developed CL flow techniques show the advantage of lower
detection limits such as 0.5, 0.05 and 0.02 μmol L−1 respectively.

The chemiluminescence method is highly sensitive when
coupled with flow system, however; they are not suitable for
onsite analysis of samples. Chemiluminescence offers superior
sensitivity to spectrophotometry, because the signal is determined
against a low background, so it is often applied in trace analysis.
The method is characterized with low limit of detection
(nmol L−1). However, the uses of TPP and flavin adenine dinucleo-
tide (FAD) still affect the chemiluminescence reaction in some of
chemluminescence methods. Instability of the enzyme after a
month and the erratic behaviour of photomultiplier have been
the bane of this method.
4.1.3. Fluorescence method
The fluorescent reactions of vanadomolybdophosphoric acid

and molybdophosphoric acid with thiamine were used for the
determination of phosphate by FIA. The reactions were based on
the oxidation of thiamine with heteropolyacids: and the determin-
able range was 0.015–0.6 mg L−1 and 0.02–20 mg L−1 of phos-
phorus, respectively [224]. The thiamine method is very
sensitive; however, the reaction is less selective to phosphorus,
and the presence of oxidising agents may interfere with the
determination and may cause positive errors.

Synthetic receptors (SR) are mainly used to generate fluores-
cent signals in the presence of phosphate (31–310 μg L−1) as well
as phosphorylated peptides (2.5–25 μmol L−1), under aqueous
conditions. No signal is generated in the presence of other anions,
including: carbonate, sulphate, nitrate or chloride [225,226].

Fluorescent signals were generated when inorganic phosphate
sensing proteins, comprising a phosphate binding protein and two
fluorescent reporter proteins were embedded within polyacryla-
mide nanoparticles [227].
SR that have been used for generation of fluorescent signal
includes penta-pyrrolic macrocycles [220]), octamethyl calixpyr-
role structures [228], two quinoline SR with a cerium chloride
complex [192,229], anthracene receptors incorporating dipicolya-
mine and zinc complexes [225,226], ruthenium (II) SR with two
pyridine rings and boronic side chains or multiple amine groups
[230,231], a dinuclear zinc based complex combined with terpyr-
idine and tetraazacyclododecane groups [232] and macrocyclic SR
comprising two copper ions each with three amine groups [233].

Chen et al., Zhou, Zhao and Schanze assembled a ratiometric
fluorescence method which could be used for pyrophosphate detec-
tion [234,235]. Others who have investigated fluorescence method
include Gao et al. [134], Gosh et al. [236], Guo [237], Huang et al.
[238], Khatua et al. [44], Kim et al. [239], Lee et al. [240], Lin et al.
[30], Nonaka et al. [217], Saeed et al. [218], Tang et al. [241], Vazques
[29], Wang et al. [242], Wen et al. [243], Wygladacz [244], Kim et al.
[239], Chen et al. [245], Kyung [246], Mitra et al. [247], Khatu et al.
[44], Shonji et al. [248] and Wei et al. [249].

Abdallah et al. [206] use fluorescence technique with limit of
detection in the range of 10 μ mol L−1 and 80 nmol L−1. Villamil-
Ramos et al. [250], Gu et al. [251], Jin and Zhang [252] and
Dwevide et al. [253] also used fluorescence method while Spa-
nagler et al. [59] reviewed the progress made in the fluorescence
probes. Detailed information on fluorescent techniques in general
has been presented in books by Lakowicz [254] and Valeur [255].

The major characteristics of fluorescence method were simpli-
city of the equipment, limited consumption of reagents and low
limit of detection (nmol L−1).
4.1.4. Luminescence methods
Luminescence methods are based on the measurement of the

emission spectrum obtained when previously excited atoms or
molecules decay to their ground state. The emission of light is
always a response to an input of energy of some kind, giving rise to
different types of luminescence.

Luminescence method was used to analyse phosphate. Leach
[256] used radio-luminescence and bioluminescence, later fol-
lowed by Cadermil [219]. Stanmiruv et al. [257] used Europium 111
complex to produce luminescence signal. Others who have used
luminescence to probe phosphate ion include Andolina and
marrow [221], Dollards and Billards [258], Nakaruma et al. [259]
and Wang et al. [242]. As shown in Table 3, various luminescence
methods used have analytical characteristic, i.e., LODs between
μmol L−1 and nmol L−1 range.

Luminescent/fluorescent methods have low detection limits
and could potentially measure phosphate concentrations at nano-
molar level. However, none of them are both specific for phos-
phate and have been tested in the field with environmental
samples. Furthermore they both produce their signal in solution,
which requires the consumption and disposal of reagents.

4.2. Potentiometric ion selective electrode (PISE)

Potentiometric ion selective electrode is the earliest direct
electrochemical phosphate detection that includes the following
division: Metal/metal phosphate electrode, solid state membrane
electrode, liquid membrane electrode, coated wire electrode,
heterogeneous membrane electrode and redox exchange elec-
trode. It is the earliest method in phosphate sensing and has the
advantage of being highly portable, and inexpensive to produce. It
is not sensitive or selective enough to be able to operate at the
concentration below 1 μ molar. ISE method suffers from severe
chloride interference [37]. Cobalt metal electrode was the earliest
introduced by Xiao et al. [260] and phosphate detection limit was
5�10−5 mol L−1. Bay et al. [261] used cobalt nanostructure-based



Table 4
Others conventional methods for determination of inorganic and organic phosphate.

Methodology Reagent LOD
(μmol L−1)

Reference

ISE Molybdate complex 0.6 [192]
Ion chromatography 0.1 [27]
Amperometry Molybdate complex 3 [104]
Amperometry NPN, XOD,AP 2 [206]
Fluorescent probe PVC matrix 5 [30]
Florescent PVC matrix NP,XOD,HRP Almorine 3 [29]
Potentiometric NPN/XOD 20 [139,142]
Flourescent Molybdate and thamine [224]
Amperometric MP, MR, GODx, AP 0.01 [166]
Capacitance Malachite green 0.2 [312,313]
screen-printed
electrode

Immobilising pyruvate oxidase (PyOD) 3.6 [172]

Amperometric Poly(carbamoylsulphonate) (PCS) hydrogel immobilised pyruvate oxidase 50 [159]
Plant tissue electrode Inhibition by phosphate of potato acid phosphatase catalysed glucose and phosphate 25 [318]
Amperometric Maltose phosphorylase, acid phosphatase, glucose oxidase and mutarotase were coimmobilised on a regenerated

cellulose
0.01 [319]

Amperometric Immobilisation of pyruvate oxidase (PyOx) on a polyioncomplex membrane 0.2 [179]
Conductometry AP/BSA/GLA 0.4 [197]

Table 3
Some of phosphate detection methods using luminescent approaches [163].

Method Linear range
(μ mol L−1)

Detection
limit (l
mol L−1)

Potential issues Ref.

Fluorescent signal produced with synthetic receptor with two
pyridine rings, boronic acid and a ruthenium (II) core

3.1�106 No data on performance at lower concentrations. Untested
against sulphate and nitrate

[230]

Fluorescent signal produced with ruthenium (II) based
synthetic receptors, two pyridine rings and amine groups.

62–6200 Untested against sulphate. No data on suitability for use with
environmental water samples

[231]

Quenching of fluorescent signal from calixpyrrole synthetic
receptor

9–155 Sensor only used in ACN, with up to 20% water. Interference
from fluoride. Untested against sulphate and nitrate

[228]

Copper based macrocyclic synthetic receptor 124 Only allows selective detection of pyrophosphates [233]
Sapphyrin synthetic receptor yields fluorescent signal in
presence of phosphate

78 000–
5.58�106

No data on performance at lower detection limits and in
presence of other anions

[220]

Flow injection method, chemiluminescence using luminol 0.03–3.26 0.03 No data on durability or suitability use [213]

Abdulazeez.T. Law al, Samuel.B. Adeloju / Talanta 114 (2013) 191–203 199
microelectrodes for phosphate detection. Cobalt thin films with
different planes, nano-scale structures were obtained on gold
microelectrodes. While development and selectivity have
increased in this field, there is still significant interference from
chloride, bromide, sulphide and iodide in phosphate sensing,
however, cobalt/metal electrode has capability of detecting phos-
phate to μmol L−1 level and high selectivity.

The cobalt wire has also been used as a stable sensitive
phosphate sensor by Chen et al. in flow injection analysis [245].
Others who have used cobalt electrode PISE phosphate sensor
include Morava [261], Chen [245,262], de Marco [52], Wu et al.
[38], Kim [263], Lee et al. [25,264,265], Zoo et al. [266], Wang
[267], Goblin [268] and Xiao [260]. Cobalt was used as electrode
material by most researchers; they found selective response
towards phosphate ion [52,97,245,260–268].

Tin and its compounds have recently been used in develop-
ment of PISE. Tin PISE includes that of Sasaki [269], Glazier
[24,269–271], Anatomise [26], Chaniostaki [272] and Glazier and
Arnold [270,271] used PVC and introduced dibenzyltin into it to
analyse phosphate. Organotin ISE sensors have short life due to
hydrolysis in their membranes. Nickel and its compounds PISE
include that of Cheng et al. [200,262] and Cheng [200], Choi [273]
used multidentate needle while Beg and Ashrad used a nickelpho-
sphate/parchment membrane to construct phosphate membrane
electrode [274]. Another membrane electrode ISE was constructed
by Tafesse and Enemchukwu [202], their sensor exhibited linear
potential response in the concentration range of 1.0�10−1 to
1.0�10−6 mol L−1. Other metal/element used is lead [275],
ammonium [276], zinc [277,278], cadmium [279], vanadium
[208], silver [280,281], zirconium [24,276], hydrogen [282], plati-
num [127], aluminium [202], molybdenum [192], zeolite [57],
copper [97] and iron [283].

Phosphate binding protein that have been used in phosphate
sensing include that of Gupta et al. [284], Zhang et al. [285],
Kivelhan et al. [286], Salin et al. [287], Kumar et al. [288] and Aioki
[289]. Azath et al. demonstrated the use of per-6-ammonium-B-
cyclodextrin/nitrophenol complex as a colorimetric sensor for
phosphate and pyrophosphate ions in water [39]. Zeolite was used
by Ejihew [57] to probe phosphate in water. As shown in Table 4,
analytical characteristic of the above systems, i.e., LODs are
between μmol L−1 and nmol L−1 range.

4.3. Organophosphorous/phosphate

Organophosphorous compounds are important neuroactive
molecules found mostly in pesticides. Tavakoli and Ghourchian
[291] fabricated a mono-enzyme layer containing choline oxidase
which was immobilized along with nafion and bovine serum
albumin, by cross-linking with glutaraldehyde. This was used for
the measurement of the level of two organophosphorous com-
pounds, paraoxon (POX) and ethyl parathion (EPA) [291].

Numerous kinds of organic phosphates are essential for a
functional metabolism. They include inositol, lecithin [292,293],
NADþ [294], NADH [294], FAD, vitamin B12, thiamine, pyridoxal,
choline, kephaline, farnesol, phospholipids, phosphopeptides
[226], phosphoproteins [225,226,295,296] and pentenyl alcohol.
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Crew et al. [297] developed a screen-printed, amperometric
biosensor array incorporated into a novel automated system for
the simultaneous determination of organophosphate pesticides.
Tanimoto et al. used a tyrosinate screen printed electrode for
determination of carbamates and organophosphorus pesticides
[133], While Tavakoli and Chourichian used a new mono-enzyme
for the measurement of the level of two organophosphorous
compounds, paraoxon (POX) and ethyl parathion (EPA), in phos-
phate buffer [291], Sun and Wang developed a double layer
biosensor for detecting organo-phosphorous pesticides [298].
Raghu et al. [97] used amperometric biosensor which was devel-
oped by silica sol-gel film immobilization of the enzyme onto the
carbon paste electrode to monitor organophosphate. The mono-
enzyme biosensor was used for the determination of two organo-
phosphorous compounds such as methyl parathion (MP) and
acephate.
4.4. Screen printed electrode (SPE)

The adaptation of biosensors to electrochemical methods of
detection has increased the interest in transferring the technology
to screen printed strips. SPE is ideal for electrochemical detection
[133,172,273,299–301]. The development of field-deployable
instruments requires that the entire system, including all neces-
sary peripheral components, be miniaturized and packaged in a
portable device AP enzyme system [302–304] for electrochemical
detection has created an increased interest in SPE or Laboratory on
chips A carbon paste enzyme electrode is usually amenable to
screen printing. Screen printed electrode serves as a useful tool for
rapid and accurate phosphate measurements in on site screening.
The ease of mass production of SPE makes it economically viable
for onsite field screening and compare favourably with current
portable metres used in environmental and biomedical applica-
tion. Miniaturization of analytical devices through the advent of
microfluidics and micro total analysis systems is an important step
forward for applications such as medical diagnostics and environ-
mental monitoring. The single dip disposability of SPE because of
its mass production makes it ideal for onsite monitoring of
phosphate and biomedical application. Mcgraw et al. [305] devel-
oped a sensor for long-term monitoring of phosphate levels that
incorporates sampling, reagent and waste storage, detection, and
wireless communication into a complete, miniaturized system.
The device employs a low-power detection and communication
system, so the entire instrument can operate autonomously for
7 days on a single rechargeable, 12 V battery. Roger et al. [172]
fabricated a screen-printed biosensor using pyruvate oxidase for
rapid determination of phosphate in synthetic waste water [301].
Gilbert et al. [300] developed an amperometric assay for phos-
phate ions in urine based on a chemically modified screen-printed
carbon electrode. Khaleed [299] compares screen-printed, carbon
paste and the conventional PVC membrane electrodes and found
that the screen-printed electrodes show fast response time of
about 2.2 s and exhibit adequate shelf-life (4 months). Tanimoto
[133] fabricated a composite electrode prepared by screen-printed
tyrosinase-modified electrodes. The SPE biosensor was prepared
by immobilization of Tyrosine enzyme on the composite electrode
surface by cross-linking with glutaraldehyde and bovine serum
albumin. Crew [297] constructed a screen-printed, amperometric
biosensor array incorporated into a novel automated system for
the simultaneous determination of organophosphate pesticides.
Kwan et al. [131,172] also developed an SPE biosensor using
pyruvate oxidase for amperometric biosensor for determining
human salivary phosphate. Some of the analytical characteristics
of this method, i.e., limit of detection of these systems are as
shown in Table 4.
4.5. Plant tissue electrode

Biocatalytic sensors using plant tissue materials in conjunction
with electrochemical setup provided an alternative to biosensors
based on isolated enzymes. Sidwel and Rechiniz reviewed progress
and challenges for biosensors using plant tissue materials [306].

The plant tissue electrode differs from the enzyme electrode in
that the layer of immobilised enzyme is replaced with a slice of
plant tissue. One reason for using plant tissue is that enzymes in
their natural surroundings are generally more stable than enzymes
that have been isolated and then put through an immobilisation
procedure. Schubert et al. [307] used a slice of potato (Solanum
tuberosum) as a source of acid phosphatase for detection of
phosphate and the biosensor has lower detection limit
2.5�10−5 mol L−1; Sensor is stable for 28 days or 300 assays.
Linder et al. [308] also used a slice of potato and then covered with
cellulose acetate to detect hydrogen peroxide. Matsunnanga et al.
[309] used immobilised green algae chlorella vulgaris to produce a
phosphate sensor. This involved dropping an algal suspension onto
a polycarbonate membrane, resulting in the production of oxygen
under light illumination. The evolution of oxygen is enhanced in
the presence of phosphate. Campanella et al. [310] determined
inorganic phosphate in drug formulations and biological fluids
using a plant tissue electrode. Campanella et al. [311] also
determined phosphate in foodstuffs using a plant tissue electrode.

4.6. Capacitance measurement

Basheer et al. [312] developed a membrane protein based
biosensor. They used capacitance of a phosphate – Hþ symporter
membrane protein (Pho84) in the sensing of phosphate ions. O′
Toole et al. [313] also used capacitance measurement to determine
phosphate ion.
5. Conclusions

The purpose of this has been to highlight the progress made in
range of analytical methods used in phosphate sensing. In the
years under review (1970–2012), many analytical protocols have
been developed for the sensing of inorganic phosphate ions. Each
method has its own limitations. Efforts have been made to further
optimise the methodologies to achieve much lower detection
limit. The basic approach of incorporating biological catalysts into
an electrochemical setup targeting phosphate analysis has been
highlighted. Other summary of various techniques that have been
used in recent years for the analysis of phosphate is provided in
Table 4. Although optical instrumental methods gave very low
limit of detection, commercially available and that it is possible to
analyse phosphate in nmol L−1 range, but interference from
arsenate may be significant. There is a pressing need for a new
method for the elimination of arsenate interference that is
compatible with flow analysis and this method is labour intensive
and not amenable to automation. PISE offer the simple require-
ment of instrumentation that is commercially available, low
production costs and are suitable for field based analysis, environ-
mental monitoring and clinical analysis but frequent calibration
and temperature effects are some of PISE setbacks. Screen printed
electrodes is preferable for onsite measurements and biomedical
research when the stability and life of the biosensor becomes
questionable. Screen printed electrode has at present, met the
drive to automate and to miniaturise analytical system. This is
with a view to make them cheap to produce, amenable to
automation and mass production. Such in-situ analysers could
potentially be used for on-site analysis. But there is the problem
of high LOD which limits their suitability for ultra trace
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(≤30 nmol L−1) analysis. The analysis of phosphate, based on the
electrochemical reduction of molybdophosphate and PISE metal/
metal oxide systems are considered to be successful for field
measurements. But possible interferences from other metal ions
which are closely similar in potential limit PISE selectivity, dur-
ability and commercialization.

Phosphate biosensor methods can become more popular ana-
lytical techniques for the determination of phosphate when the
number of enzymes participating in the detection scheme is less.
Its commercialization is limited because of the shelf life of the
enzymes and efforts to produce more rugged enzymes that can
withstand adverse condition such as high temperature are cur-
rently in progress. Phosphate electrochemical biosensors systems
have improved LOD, are generally rugged, simple, low-cost,
portable, automated and capable of high sample throughput. Their
minimised risk of sample contamination makes them ideally
suited for on-site and ultra trace (≤ 30 nmol L−1) analysis.
References

[1] B. Wehrli, R. Gacher, Environ. Sci. Technol. 32 (1998) 3659.
[2] C.J. Richardson, S.S. Qian, Environ. Sci. Technol. 33 (1999) 1545.
[3] W. Yao, F.J. Millero, S. Millero, J. Environ. Sci. Technol. 30 (1996) 536.
[4] C. Bard, W.H Freeman and Co, New York, 1996.
[5] S.B. Adeloju, A.T. Lawal, Anal. Chim. Acta 691 (2011) 89–94.
[6] I. Williams, Enviromental Chemistry, Wiley, New York, 2001.
[7] R.W. Murray, Electroanalytical Chemistry, Mercel Dekker, New York, 1984.
[8] R. Gather, J.M. Nagatiah, C. Stamn, Environ. Sci. Technol. 32 (1998) 1865.
[9] H. Tiessen, Phosphorous in the Global Environment: Transfers, Cycles and

Management, John Wiley and Sons, Chister, 1995.
[10] T. Wada, A. Okubo, N. Nagata, Y. Yazaki, Clinical Management of Laboratory

Data, Bukodo, Tokyo, 1994.
[11] L.L. Keup, Water Res. 2 (1968) 373–386.
[12] B.E.C. Nordin, Nutrition 13 (1997) 664.
[13] ANZEC, Australia and New Zealand Enviroment and Conservation Council,

Sydney, 2002.
[14] R. Kumar, Curr. Opin. Nephrol. Hypertension 18 (2009) 281–284.
[15] E. Slatopolsky, Kidney Int. (2011).
[16] S.O. Engblom, Biosens. Bioelectron. 13 (1998) 981–994.
[17] H. Kawasaki, K. Sato, J. Ogawa, Y. Hasegawa, H. Yuki, Anal. Biochem. 182

(1989) 366–370.
[18] S. Khoshniat, A. Bourgine, M. Julien, P. Weiss, J. Guicheux, L. Beck, Cell. Mol.

Life Sci. 68 (2011) 205–218.
[19] C. Bergwitz, H. Jüppner, Adv. Chron. Kidney Dis. 18 (2011) 132–144.
[20] C.C. Chen, Y.Z. Chen, Y.J. Huang, J.T. Sheu, Biosens. Bioelectron. 26 (2011)

2323–2328.
[21] E. Gaidamauskas, K. Saejueng, A. Holder, S. Bharuah, B. Kashemirov, D. Crans,

C. McKenna, J. Biol. Inorg. Chem. 13 (2008) 1291–1299.
[22] W. Saenger, Principle of Nucleic Acid Structure, Springer, New York, 1998.
[23] E. Gaidamauskas, H. Parker, B.A. Kashemirov, A.A. Holder, K. Saejueng, C.

E. McKenna, D.C. Crans, J. Inorg. Biochem. 103 (2009) 1652–1657.
[24] R.K. Shervedani, S. Pourbeyram, Biosens. Bioelectron. 24 (2009) 2199–2204.
[25] W.H. Lee, J.H. Lee, P.L. Bishop, I. Papautsky, Water Environ. Res. 81 (2009)

748–754.
[26] M.M.G. Antonisse, D.N. Reinhoudt, Electroanalysis 11 (1999) 1035–1048.
[27] P.J. Anthony, S. Karthikeyan, C.S.P. Iyer, J. Chromatogr. B 767 (2002) 363–368.
[28] R.N. Fernandez, B.F. Reis, Talanta 58 (2002) 729.
[29] M.J. Vazquez, B. Rodriguez, C. Zapatero, D.G. Tew, Anal. Biochem. 320 (2003)

292–298.
[30] X. Lin, X. Wu, Z. Xie, K.-Y. Wong, Talanta 70 (2006) 32–36.
[31] A. Duerkop, M. Turel, A. Lobnik, O.S. Wolfbeis, Anal. Chim. Acta 555 (2006)

292–298.
[32] N. Nakatani, D. Kozaki, W. Masuda, N. Nakagoshi, K. Hasebe, M. Mori,

K. Tanaka, Anal. Chim. Acta 619 (2008) 110–114.
[33] Y. Li, y. Muo, h. Xie, Anal. Chim. Acta 455 (2002) 315–325.
[34] C.H. Fiske, Y. Subbarow, J. BioChem. 66 (1925) 374.
[35] M. Zhu, B. Xie, G. Tang, A. Hu, M. Fang, Z. Wu, Y. Zhao, J. Pharm. Biomed. Anal.

48 (2008) 1417–1424.
[37] L. Bingxne, N. Takaori, N. Hiroyuki, N. Manorm, K. Motomitsu, J. Appl.

Glycosci. 156 (2011) 809–891.
[38] F.-Y. Wu, X.-F. Tan, Y.-M. Wu, Y.-Q. Zhao, Spectrochim. Acta Part A: Mole.

Biomol. Spectrosc. 65 (2006) 925–929.
[39] I.A. Azath, P. Suresh, K. Pitchumani, Sens, Actuators B: Chem. 155 (2011)

909–914.
[40] E. Climent, R. Casasus, M.D. Marcos, R. Martinez-Manez, F. Sancenon, J. Soto,

Dalton Trans. (2009) 4806–4814.
[41] I. Debruyne, Anal. Biochem. 130 (1983) 454–460.
[42] P. Fossati, Anal. Biochem. 149 (1985) 62–65.
[43] X.M. Huang, Z.Q. Guo, W.H. Zhu, Y.S. Xie, H. Tian, Chem. Commun. (2008)
5143–5145.

[44] S. Khatua, S.H. Choi, J. Lee, K. Kim, Y. Do, D.G. Churchill, Inorg. Chem. 48
(2009) 2993–2999.

[45] M. Mecozzi, Talanta 42 (1995) 1239.
[46] M.T. Galceran, M. Diez, L. Paniagua, J.Chromatogr. A 657 (1993) 77–85.
[47] M. Bello, N. González, J. Chem. Educ. 73 (1996) 1174–1176.
[48] M. Colina, H. Ledo, E. Gutierrez, J.Chromatogr. A 739 (1996) 223.
[49] H.L. de Medina, E. Gutiérrez, M.C. de Vargas, G. González, J. Marín,

E. Andueza, J. Chromatogr. A 739 (1996) 207–215.
[50] V. Cerda, J.M. Estela, A. Fontesa, E. Clandera, E. Becetta, P. Altimira, Talanta 50

(1999) 695.
[51] R.N.C. Daykin, S.J. Haswell, Anal. Chim. Acta 313 (1995) 155–159.
[52] R. De Marco, C. Phan, Talanta 60 (2003) 1215–1221.
[53] M.C.T. Diniz, O.F. Filho, E.V. de Aquino, J.J.R. Rohwedder, Talanta 62 (2004)

469–475.
[54] K.H. Chen, J.H. Liao, H.Y. Chan, J.M. Fang, J. Org. Chem. 74 (2009) 895–898.
[55] S. Motomizu, R. Oshima, L. Ma, Anal. Sci. 13 (1997) 401.
[56] H. Mori, H. Kogure, H. Takei, H. Yamamato, Anal. Sci. 12 (1996) 137.
[57] A.N. Ejhieh, N. Masoudipour, Anal. Chim. Acta 658 (2010) 68–74.
[58] J. Soukup, V. Polan, P. Kotzian, K. Kalcher, K. Vytras, Int. J. Electrochem. Sci. 6

(2011) 231–239.
[59] C. Spangler, M. Schaeferling, O.S. Wolfbeis, Microchim. Acta 161 (2008) 1–39.
[60] F. Scheller, F. Schubert, Biosensors: techniques and instrumentations, in:

Analytical Chemistry, Elsevier Science Publishing Company Inc., New York,
1992, pp. 51.

[61] A.P.F. Turner, I. Karube, G.S. Wilson, Biosensors: Fundamental and Applica-
tions, Oxford University Press, New York, 1989.

[62] N.J. Ronkainen, H.B. Halsall, W.R. Heineman, Chem. Soc. Rev. 39 (2010)
1747–1763.

[63] E.A.H. Hall, Biosensors and Chemical sensors “Overview of Biosensors”,
American Chemical Society, 1992.

[64] C.G.J. Koopal, B. de Ruiter, R.J.M. Nolte, J. Chem. Soc. Chem. Commun. (1991)
1691.

[65] C.G. Koopal, M.C. Feiters, R.J.M. Nolte, Bioelectrochem. Bioenergy 29 (1992) 159.
[66] C.G.J. Koopal, M.C. Feiters, R.J.M. Nolte, B. de Ruiter, R.B.M. Schasfoort,

Biosens. Bioelectron. 7 (1992) 461.
[67] C.G.J. Koopal, M.C. Feiters, R.J.M. Nolte, B. de Ruiter, R.B.M. Schasfoort,

Czajika, H. van Kempen, Synth. Met. 51 (1992) 397.
[68] C.G.J. Koopal, B. Eijsma, R.J.M. Nolte, Synth. Met. 57 (1993) 3689.
[69] C.G.J. Koopal, R.J.M. Nolte, Bioelectrochem. Bioenergy (1994) 45.
[70] J.M. Cooper, D. Bloor, Electroanal. Chem. 5 (1993) 883.
[71] R. Czajka, C.G.J. Koopal, M.C. Feiters, K.W. Gerritsen, R.J.M. Nolte, H. van

Kempen, Bioelectrochem. Bioenergy 29 (1992) 47.
[72] B.F.Y. Yon-Hin, M. Smolander, T. Crompton, C.R. Lowe, Anal. Chem. 65 (1993)

2067.
[73] A.B. Gavrilov, A.F. Zueva, O.N. Efimov, V.A. Bogdanovskaya, M.R. Tarasevitch,

Synth. Met. 60 (1993) 159.
[74] F. Palmisano, D. Centonze, A. Guerrieli, P.G. Zambonin, Biosens. Bioelectron. 8

(1993) 393.
[75] J.W. Furbee, T. Kuwana Jr, R.S.l. Kelly, Anal. Chem. 66 (1994) 1573.
[76] G. Fortier, D. Belanger, Biotechnol. Bioeng. 37 (1991) 854.
[77] D. Centonze, A. Guerriera, F. Palmisano, L. Torsi, P.G. Zambonin, J. Anal. Chem.

349 (1994) 497.
[78] J. Cho, M. Shin, H. Kim, Sens. Actuators B30 (1996) 137.
[79] Q. Chi, S. Dong, Chem. Res. Chin. Univ. 12 (1996) 37.
[80] L. Cocheguerent, S. Cosnier, C. Innocent, P. Mailley, J.C. Moutet, R.M. Morelis,

B. Leca, P.R. Coulet, Electroanalysis 5 (1993) 647.
[81] L.D. Couves, S.J. Porter, Synth. Met. 28 (1989) C761.
[82] H. Gunasingham, C.H. Tan, J.K.L. Seow, Anal. Chem. 62 (1990) 755.
[83] P. Heiduschka, F.W. Scheller, Biosens. Bioelectron. 9 (1994) VII.
[84] G.F. Khan, W. Wernet, J. Electrochem. Soc. 143 (1996) 3336.
[85] K. Kojima, H. Nasu, M. Shimomura, S. Miyauchi, Synth. Met. 71 (1995) 2245.
[86] A. Kitani, N. Kasyu, K. Sasaki, Electrochim. Acta 39 (1994) 7.
[87] S. Ikeda, M. Hara, Y. Hishida, M. Kimura, K. Ito, Sens. Actuators B13 (1993)

315.
[88] Y. Kajiya, H. Matsumoto, H. Yoneyama, J. Electroanal. Chem. 319 (1991) 185.
[89] I. Losito, C.G. Zambonin, Electroanal. Chem. 410 (1996) 181.
[90] E. Ekinic, M. Ozden, M. Karagozler, H.M. Turkdemir, A.E. Karagozler, Turk. J.

Chem. 19 (1995) 170.
[91] B. Ross, K. Cammann, Talanta 41 (1994) 977.
[92] U. Ruedel, O. Geschke, K. Cammann, Electroanalysis 8 (1996) 1135.
[93] M. Shin, H. Kim, Anal. Lett. 28 (1995) 1017.
[94] M. Shin, H. Kim, Biosens. Bioelectron. 11 (1996) 161.
[95] M. Shin, H.C. Yoon, H. Kim, Anal. Chim. Acta 12 (1996) 594.
[96] M. Trojanowicz, O. Geschke, T. Krawczynski vel Krawczky, K. Cammann,

Sens. Actuators B28 (1995) 191.
[97] R. De Marco, G. Clarke, B. Pejcic, Electroanalysis 19 (2007) 1987–2001.
[98] I. Tsuji, H. Eguchi, M. Tasukouchisk, I. Unoki, I. Taniguchi, Biosens. Bioelec-

tron. 5 (1990) 87.
[99] D.J. Strike, N.F. Gerooij, M. Koudelkahep, Sens. Actuators 13 (1993) 61.

[100] Z.S. Sun, H. Takachikawa, Anal. Chem. 64 (1992) 1112.
[101] S.E. Wolowacz, B.F.Y.Y. Hin, C.R. Lowe, Anal. Chem. 64 (1992) 1541.
[102] K. Yokoyama, E. Tamiya, I. Karube, Electroanalysis 3 (1991) 469.
[103] S. Yabuki, H. Shinohara, M. Aizawa, J. Chem. Soc. Chem. Commun. 945 (1989).
[104] H.M. Abdulla, G.M. Greenway, A.E. Platt, Analyst 114 (1989) 1575.



Abdulazeez.T. Law al, Samuel.B. Adeloju / Talanta 114 (2013) 191–203202
[105] R. Koncki, P. Leszenski, A. Hulanicki, S. Glab, Anal. Chim. Acta 257 (1992) 67.
[106] K.M.R. Kallury, W.E. Lee, M. Thompson, Anal. Chem. 64 (1992) 1062.
[107] J.P. Joseph, Mikrochim. Acta 2 (1984) 437.
[108] A.E.G. Cass, A Bisensors, Practical Approach, Oxford University Press, New

York, 1990.
[109] S.B. Adeloju, S.J. Shaw, G.G. Wallace, Electroanalysis 6 (1994) 865.
[110] S. Shaw, UWS, Kingswood Australia, 1994.
[111] A.P.F. Turner, J.D. Newman, Biosensors for Food Analysis, The Royal Society of

Chemistry, UK, 1998.
[112] J.M. Estela, V. CerdÃ, Talanta 66 (2005) 307–331.
[113] J.C. Vidal, E. Garcia-Ruiz, J.R. Castillo, Electroanalysis 3/13 (2001) 229.
[114] T. Tatsuma, T. Watanabe, Anal. Chim. Acta 279 (1991) 235.
[115] T. Yao, T. Wasa, Anal. Chim. Acta 207 (1988) 319.
[116] I. Satoh, I. Karube, S. Suzuki, Biotechnol. Bioeng. XIX (1977) 1095.
[117] S. Dong, Q. Deng, G. Cheng, Anal. Chim. Acta. 279 (1993) 235.
[118] P.R. Coulet, L.J. Blum, Anal. Lett. 16 (B7) (1983) 541.
[119] L. Charpentier, N. El Murr, Anal. Chim. Acta 318 (1995) 89.
[120] A. Carpenter, W.C. Purdy, Anal. Lett. 23 (1990) 425.
[121] C. Bala, G.L. Radu, D.E. Gheorghe, V. Magearu, J. Med. Biochem. 1 (1997) 47.
[122] J.L. Besombes, S. Cosnier, P. Labbe, G. Reverdy, Anal. Chim. Acta 317 (1995)

275.
[123] Y. Hann, C.L. Olson, Anal. Chem. 3 (1979) 444.
[124] S Cosnier, A Senillou, M Gratzel, P Comte, R.N.J N. Vlachopoulos, M. C,

Electroanal. Chem. 469 (1999) 176.
[125] S. Berchmans, T.B. Issa, P. Singh, Anal. Chim. Acta 729 (2012) 7–20.
[126] F. Scheller, D. Pfeiffer, R. Hintsche, I. Dransfeld, F. Schubert, U. Wollenberger,

J. Lutter, R. Gruss, H. Dittmer, Enzyme electrodes-enzymatic fundamentals
and applications in analysers, in: R.D. Schmid, F. Scheller (Eds.), Biosensors
Applications in Medicine Environmental Protection and Process Control, VCH
Publishers, New York, 1992, p. 51.

[127] J.C. Vidal, E. Garcia-Ruiz, J.R. Castillo, J.Pharm. Biomed. Anal. 24 (2000) 51.
[128] H. Kinoshita, D. Yoshida, K. Miki, T. Usui, T. Ikeda, Anal. Chim. Acta 303 (1995)

301–307.
[129] A. Kueng, K. Christine, Boris Mizaikoff, Biosens. Bioelectron. 19 (2004)

1301–1307.
[130] J. Kulys, Biosens. Bioelectron. 7 (1992) 187–191.
[131] R.C.H. Kwan, H.F. Leung, P.Y.T. Hon, H.C.F. Cheung, K. Hirota, R. Renneberg,

Anal. Biochem. 343 (2005) 263–267.
[132] A.T. Lawal, S.B. Adeloju, J. Appl. Sci. 9 (2009) 1907–1914.
[133] Y.D. Tanimoto de Albuquerque, L.F. Ferreira, Anal. Chim. Acta 596 (2007)

210–221.
[134] J. Gao, T. Riis-Johannessen, R. Scopelliti, X. Qian, K. Severin, Dalton Trans. 39

(2010) 7114–7118.
[135] S. Bidley, Immobilised mammalian cells in hormone detection and quantita-

tion, in: W. J (Ed.), Immobilised Cells and Enzymes: A Practical Approach, IRL,
Oxford, 1985, pp. 147–171.

[136] M. Yamato, M. Ohawah, W. Wernet, Anal. Chem. 67 (1995) 2776.
[137] C. Menzela, T. Lercha, T. Scheperb, K. Schgerla, Anal. Chim. Acta 317 (1995)

259.
[139] A.T. Lawal, S.B. Adeloju, J. Mol. Catal. B: Enzymatic 63 (2010) 45–49.
[140] A.T. Lawal, S.B. Adeloju, Biosens. Bioelectron. 25 (2009) 406–410.
[141] S.B. Adeloju, A. Lawal, J. Inter., Environ. Anal. Chem 85 (2005) 771–780.
[142] A.T. Lawal, S.B. Adeloju, Biosen. Bioelectron. 20 (2012) 315.
[143] Telting-Diaz, D. Diamond, M.R. Smyth, E.M. Seward, A.M. McKervey, Electro-

analysis 3 (1991) 371.
[144] M. Gerard, A. Chaubey, B.D. Malhotra, Biosens. Bioelectron. 17 (2002) 345.
[145] S.B. Adeloju, A.N. Moline, Biosens. Bioelectron. 16 (2001) 133–139.
[146] S.B. Adeloju, S.J. Shaw, G.G. Wallace, Anal. Chim. Acta. 323 (1996) 107.
[147] S. Ghosh, A. Hazraja, D. Sarkerb, T.N. Misraa, Sens. Actuator 53 (1998) 58.
[148] G. Guilbault, T. Cserfalvi, Anal. Lett. 9 (1976) 277–280.
[149] J.J. Fernandez, J.R. Lipez, X. Correig, I. Katakis, Sens. Actuators B 47 (1998) 13.
[150] E.M. D′Urso, P.R. Coulet, Anal Chim. Acta. 281 (1993) 535.
[151] E. Watanabe, H.K.T. Endo, Biosensor 3 (1988) 297.
[152] K. Male, J. Luong, Biosens. Bioelectron. 6 (1991) 581.
[153] U. Wollemberger, Sens. Actuators 7 (1992) 412–415.
[154] T. Yao, M. Wada, W. Busenki, Kagaku 42 (1993) 397.
[155] H. Konisita, D. Yoshida, M., K. Usui, T. lkeda, Anal. Chim. Acta. 303 (1995) 301.
[156] K. Vo, D. Stuben, Gewassern. Meyniana 47 (1995) 167.
[157] S.D. Haemmerli, A.A. Suleiman, G.G. Guilbault, Anal. Biochem. 191 (1990)

106–109.
[158] A.T. Lawal, S.B. adeloju, J. Appl. Sci 8 (2008) 2599–2605.
[159] W.C. Mak, C. Chan, J. Barford, R. Renneberg, Biosens. Bioelectron. 19 (2003)

233–237.
[160] J. Kulys, I. Higgins, J. Banister, Biosens. Bioelectron. 7 (1992) 187.
[161] 25 S.O Engblom, Biosens. Bioelectron. 13 (1998) 213.
[162] s. Berchman, T.B. Issa, P. Singh, Anal. Chim. Acta 729 (2012) 7–20.
[163] C. Warwick, A. Guerreiro, A. Soares, Biosens. Bioelectron. 41 (2013) 1–11.
[164] S. Cosnier, C. Innocent, A. Laurence, S. Poitry, M. Tsacopoulos, Anal. Chem. 69

(1997) 968.
[165] B.G. 20N. Conrath, S. Hüwel, K. Camman, Anal. Chim. Acta 309 (1995) 47–52.
[166] C. Mousty, S. Cosnier, D. Shan, S. Mu, Anal. Chim. Acta 443 (2001) 1–8.
[167] E. Akyilmaz, E. Yorganci, Electrochim. Acta 52 (2007) 7972–7977.
[168] M. Suzuki, H. Kurata, Y. Inoue, H. Shin, I. Kubo, H. Nakamura, K. Ikebukuro,

I. Karube, Denki Kagaku 66 (1998) 579–583.
[169] N. Hideaki, K. Ikebukuroa, S. McNivena, I. Karubea, H. Yamamoto, K. Hayashie,

M.S.I. Kuboe, Biosens. Bioelectron. 12 (1998) 959.
[170] K. Ikebukuroa, H. Wakamura, I. Karubea, I.I. Kubob, M. nagawa,
T. Sugawarac, Y. Arikawa, M. Suzukid, T. Takeuchie, Biosens. Bioelectron. 11
(1996).

[171] I. Kubo, M. Inagawa, M. Sagawara, Y.K. Arikawa, Anal. Lett. 24 (1991) 1711.
[172] R.C.H. Kwan, H.F. Leung, P.Y.T. Hon, J.P. Barford, R. Renneberg, Appl. Microbiol.

Biotechno 66 (2005) 377–383.
[173] H. Nakamura, H. Tanaka, M. Hasegawa, Y. Masuda, Y. Arikawa, Y. Nomura,

K. Ikebukuro, I. Karube, Talanta 50 (1999) 799–807.
[174] L.A. Dang, J. Haccoun, B. Piro, M.C. Pham, Electrochim. Acta 51 (2006)

3934–3943.
[175] V.G. Gavalas, N. Chaniotakis, Anal. Chim. Acta 427 (2000) 271–277.
[176] V.G. Gavalas, N.A. Chaniotakis, Anal. Chim. Acta 427 (2001) 271–277.
[177] M.A. Rahman, D.-S. Park, S.-C. Chang, C.J. McNeil, Y.-B. Shim, Biosens.

Bioelectron. 21 (2006) 1116–1124.
[178] S. Motomizu, Z.-H. Li, Talanta 66 (2005) 332–340.
[179] F. Mizutani, S. Yabuki, Y. Sato, T. Sawaguchi, S. Iijima, Electrochim. Acta 45

(2000) 2945–2962.
[180] J. Jońca, V. León Fernández, D. Thouron, A. Paulmier, M. Graco, V. Garçon,

Talanta 87 (2011) 161–167.
[181] C.A. Lindino, M.L. Meotti, P.M. Meotti, A.C. Gonçalves Jr, Determinação de

fosfato por eletrodos modificados com quitosana 33 (2011) 323–329.
[182] F. Mas-Torres, J.M. Estela, M. Miró, A. Cladera, V. Cerdà, Anal. Chim. Acta 510

(2004) 61–68.
[183] J.C. Quintana, L. Idrissi, G. Palleschi, P. Albertano, A. Armine, M. El Rhazi,

D. Moscone, Talanta 63 (2004) 567–574.
[184] T. Matsunaga, T. Suzuki, R. Tomoda, Enzyme Microbial Technol. 6 (1984)

355–358.
[185] A.G. Fogg, N.K. Bsebsu, Analyst 106 (1981) 1288–1295.
[186] A.G. Fogg, N.K. Bsebsu, Analyst 108 (1983) 1485–1489.
[187] A.G. Fogg, N.K. Bsebsu, Analyst 115 (1990) 1277–1281.
[188] A.G. Fogg, N.K. Bsebsu, Analyst 109 (1984) 19–21.
[189] W. Er-Kang, W. Meng-Xia, Anal. Chim. Acta 144 (1982) 147–153.
[190] S.M. Harden, W.K. Nonidez, Anal.Chem. 56 (1984) 2218–2223.
[191] C.X. Galhardo, J.C. Masini, Anal. Chim. Acta 417 (2000) 191–200.
[192] M.R. Ganjali, P. Norouzi, M. Ghomi, M. Salavati-Niasari, Anal. Chim. Acta 567

(2006) 196–201.
[193] T. Katsu, T. Kayamoto, Anal. Chim. Acta 265 (1992) 1–4.
[194] I. Kubo, Anal. Bioanal. Chem. 372 (2002) 273–275.
[195] C. Menzel, T. Lerch, T. Scheper, K. Schügerl, Anal. Chim. Acta 317 (1995)

259–264.
[196] Z. Zhang, N. Jaffrezic-Renault, F. Bessueille, D. Leonard, S. Xia, X. Wang,

L. Chen, J. Zhao, Anal. Chim. Acta 615 (2008) 73–79.
[197] H. Guedri, C. Durrieu, Sensor Lett. 7 (2009) 788–794.
[198] N.A. Morris, M.F. Cardosi, Electroanalysis 4 (1992) 1.
[199] A.G. Fogg, N.K. Bsebsu, R.A Birch, Talanta 28 (1981) 473–476.
[200] W.L. Cheng, J.W. Sue, W.C. Chen, J.L. Chang, J.M. Zen, Anal. Chem. 82 (2010)

1157–1161.
[201] S.J. Chalk, J.F. Tyson, Talanta 41 (1994) 1797–1895.
[202] F. Tafesse, M. Enemchukwu, Talanta 83 (2011) 1491–1495.
[203] M. Sofia, A.C. Nevesa, M. Renata, S. Soutob, Ildikó V. Tótha, Sérgio M.

A. Victala, M.Cláudia Drumonda, António O.S.S. Rangela, Talanta 77 (2008)
737–743.

[204] R.C. Rodríguez-Díaz, M.P. Aguilar-Caballos, F. Rincón, A. Gómez-Hens, Talanta
69 (2006) 1130–1135.

[205] T. Mas, F, J.M. Estela, M. Miro, A. Clandera, V. Cerda, Anal Chim. Acta 510
(2004) 61.

[206] A.M. Abdallah, M E Khalifa, M Akl, Anal. Chim. Acta 251 (1991) 207.
[207] L.J. Gimbert, P.M. Haygrath, P.J. Worsfold, Talanta 71 (2007) 1624–1628.
[208] M.S.A.C. Nevesa, M.R.S. Soutob, I.V. Totha, S.M.A. Victala, M.C. Drumonda, A.O.

S.S. Rangella, Talanta 77 (2008) 527–532.
[209] J. Di, Q. Liu, W. Li, Talanta 53 (2000) 511–515.
[210] L. Jing-fu, J. Gui-bin, Talanta 52 (2000) 211–216.
[211] Matthew D. Patey, Micha J.A. Rijkenberg, Peter J. Statham, Mark

C. Stinchcombe, Eric P. Achterberg, M. Matthew, Trends Anal. Chem. 27
(2008) 169–182.

[212] K. Ikebukwo, H. Wakamura, Biosens. Bioelectron. 11 (1996) 959–965.
[213] M. Yaqoob, A. Nabi, P.J. Worsfold, Anal. Chim. Acta 510 (2004) 213–218.
[214] H. Nakamura, M. Hasegawa, Y. Nomura, K. Ikebukuro, Y. Arikawa, I. Karube,

Anal. Lett. 36 (2003) 1805–1817.
[215] H. Nakamura, K. Ikebukuro, S. McNiven, I. Karube, H. Yamamoto, K. Hayashi,

M. Suzuki, I. Kubo, Biosens. Bioelectron. 12 (1997) 959–966.
[216] H. Nakamura, Y.R, D. Shan, H. Sano, Y. Nakami, K. Ikebukuro, K. Yano,

Y. Nomura, Y. Arikawa, Y. Hasebe, Y. Masuda, E. Karakus, Anal. Chim. Acta
518 (2004) 45–49.

[217] A. Nonaka, S. Horie, T.D. James, Y. Kubo, Org. Biomol. Chem. 6 (2008)
3621–3625.

[218] M.A. Saeed, D.R. Powell, M.A. Hossain, Tetrahedron Lett. 51 (2010)
4904–4907.

[219] C.V. Cardemil, D.R. Smulski, R.A. Larossa, A.C. Vollmer, DNA Cell Biol. 29
(2011) 519–531.

[220] J.L. Sessler, J.M. Davis, V. Kral, T. Kimbrough, V. Lynch, Org. Biomol. Chem. 1
(2003) 4113–4123.

[221] C.M. Andolina, J.R. Morrow, Eur. J. Inorg. Chem. 5 (2010) 154–164.
[222] H. Nakamura Busengi, Kagaku 50 (2001) 581.
[223] P.A. Ines, I.V. Moras, O.S.S. Anthonio, Talanta 66 (2005) 341–347.
[224] H. Zang, H.p. Beck, Anal. Lett. 34 (2001) 2721.



Abdulazeez.T. Law al, Samuel.B. Adeloju / Talanta 114 (2013) 191–203 203
[225] A Ojida, Y Mito-oka, M Inoue, I. Hamachi, J. Am. Chem. Soc. 124 (2002)
6256–6266.

[226] A Ojida, Y Mito-oka, K Sada, Hamachi, J. Am. Chem. Soc. 126 (2004)
2454–2467.

[227] H. Sun, A.M. Scharff-Poulsen, H. Gu, I. Jakobsen, J.M. Kossmann, W.
B. Frommer, K. Almdal, ACS Nanotehcnol. 2 (2008) 19–24.

[228] P. Anzenbacher, K. Juriskova, J. Sessler, J. Am. Chem. Soc. 122 (2000)
9350–9351.

[229] M. Ganjali, M. Hosseini, Z. Memari, F. Faridbod, P. Norouzi, H. Goldooz,
A. Badiei, Anal. Chim. Acta 708 (2011) 107–110.

[230] M. Deetz, B. Smith, Tetrahedron Lett. 39 (1996) 6841–6844.
[231] P. Beer, J. Cadman, J. Lloris, R. Martínez-Máñez, M. Padilla, T. Pardo, D. Smith,

J. Soto, J. Chem. Soc. Dalton Trans. (1999) 127–133.
[232] J. Du, X. Wang, M. Jia, T. Li, J. Mao, Z. Guo, Inorg. Chem. Commun. 11 (2008)

999–1002.
[233] L. Fabbrizzi, N. Marcotte, F. Stomeo, A. Taglietti, Angew. Chem., Int. Ed 41

(2002) 3811–3814.
[234] X. Zhao, K.S. Schanze, Chem. Commun. 46 (2010) 6075–6077.
[235] X.B. Zhou, W.H. Chan, A.W.M. Lee, Tetrahedron Lett. 52 (2011) 5431–5434.
[236] K. Ghosh, I. Saha, A. Patra, Tetrahedron Lett. 50 (2009) 2392–2397.
[237] Z.Q. Guo, W.H. Zhu, H. Tian, Macromolecules 43 (2010) 739–744.
[238] X.H. Huang, Y. Lu, Y.B. He, Z.H. Chen, Eur. J. Org. Chem. (2010) 1921–1927.
[239] I.B. Kim, M.H. Han, R.L. Phillips, B. Samanta, V.M. Rotello, Z.J. Zhang, U.H.

F. Bunz, Chem. Eur. J. 15 (2009) 449–456.
[240] H.N. Lee, Z.C. Xu, S.K. Kim, K.M.K. Swamy, Y. Kim, S.J. Kim, J. Yoon, J. Am.

Chem. Soc. 129 (2007) 3828.
[241] L.J. Tang, Y. Li, H. Zhang, Z.L. Guo, J.H. Qian, Tetrahedron Lett. 50 (2009)

6844–6847.
[242] D. Wang, X. Zhang, C. He, C. Duan, Org. Biomol. Chem 8 (2010) 2923–2925.
[243] J. Wen, Z. Geng, Y. Yin, Z. Zhang, Z. Wang, Dalton Trans. 40 (2011) 1984–1989.
[244] K. Wygladacz, Y. Qin, W. Wroblewski, E. Bakker, Anal. Chim. Acta. 614 (2008)

77–84.
[245] Z. Chen, R. De Marco, P. Alexander, Anal. Commun. 34 (1997) 93.
[246] K.I.M.S. Kyung, L.E.E. Dong Hoon, J.I.N. Hong, J. Yoon, Acc. Chem. Res. 42

(2009) 23–31.
[247] A. Mitra, V.K. Hinge, A. Mittal, S. Bhakta, P. Guionneau, C.P. Rao, Chem. – Eur. J.

17 (2011) 8044–8047.
[248] M Shoji, O Mitsuko, N. K, Anal. Sci. Technol. 8 (1995) 843.
[249] H.U. Berger, I.M. Grass, H. Walter, Method of Enzymic analysis, Wiley-VCH,

Weinheim, 1989.
[250] R. Villamil-Ramos, A.K. Yatsimirsky, Chem. Commun. 47 (2011) 2694–2696.
[251] H. Gu, S. Lalonde, S. Okumoto, L.L. Looger, A.M. Scharff-Poulsen, A.

R. Grossman, J. Kossmann, I. Jakobsen, W.B. Frommer, FEBS Lett. 580
(2006) 5885–5893.

[252] R.F. Jin, J.P. Zhang, Chem. Phys. 380 (2011) 17–23.
[253] A.K. Dwivedi, G. Saikia, P.K. Iyer, J. Mater. Chem. 21 (2011) 2502–2507.
[254] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, 2 ed., Kluwer, New

York, 1999.
[255] M. Hosseini, M.R. Ganjali, B. Veismohammadi, F. Faridbod, S.D. Abkenar,

P. Norouzi, Anal. Chim. Acta 664 (2010) 172–177.
[256] A.M. Leach, D.L. Burden, G.M. Hieftje, Anal. Chim. Acta 402 (1999) 267–274.
[257] S.S. Stanimirov, I.K. Petkov, Central Eur. J. Chem. 6 (2008) 429–437.
[258] M.-A. Dollard, P. Billard, J. Microbiol. Methods 55 (2003) 221–229.
[259] H. Nakamura, Anal, Methods 2 (2010) 430–444.
[260] D. Xiao, H.Y. Yuan, J. Li, R.Q. Yu, Anal. Chem. 67 (1995) 288–291.
[261] Y. Bai, J. Tong, C. Bian, S. Xia, Key Eng. Mater. (2011) 559–564.
[262] Z. Chen, P. Grierson, M.A. Adams, Anal. Chim. Acta 363 (1998) 191–197.
[263] H.J. Kim, J.W. Hummel, K.A. Sudduth, S.J. Birrell, Trans. ASABE 50 (2007)

415–425.
[264] J.H. Lee, W.H. Lee, P.L. Bishop, I. Papautsky, J. Micromech. Microeng. 19

(2009).
[265] W.H. Lee, Y. Seo, P.L. Bishop, Sens, Actuators B: Chem. 137 (2009) 121–128.
[266] Z. Zou, J. Han, A. Jang, P.L. Bishop, C.H. Ahn, Biosens. Bioelectron. 22 (2007)

1902–1907.
[267] J.J. Wang, P.L. Bishop, Environ. Pollut. 158 (2010) 3612–3617.
[268] S. Engblom, Plant Soil 206 (1999) 173–179.
[269] S. Sasaki, S. Ozawa, D. Citterio, K. Yamada, K. Suzuki, Talanta 63 (2004)

131–134.
[270] A. Amine, G. Palleschi, Anal. Lett. 37 (2004) 1–19.
[271] M. Glazier, M.A. Anold, Anal. Chem. 63 (1991) 754–759.
[272] N. Chaniotakis, K Jurkschat, A. Rühlemann, Anal. Chim. Acta 282 (1993)

345–352.
[273] W.H. Choi, J.R. Shann, I. Papautsky, Waikoloa, HI, 2010, pp. 931–935.
[274] M.N. Beg, M. Arshad, India J. Chem. 27A (1988) 460–462.
[275] H. Hara, S. Kusu, Anal. Chim. Acta 261 (1992) 411–417.
[276] S.S.M. Hassan, S.A. Marei, I.H. Badr, H.A. Arida, Anal. Chim. Acta 427 (2001)

21–28.
[277] K.M. Kim, D.J. Oh, K.H. Ahn, Chem. – Asian J. 6 (2011) 122–127.
[278] W.H. Chen, Y. Xing, Y. Pang, Organic Lett. 13 (2011) 1362–1365.
[279] A. Kumar, S. Mehtab, U.P. Singh, V. Aggarwal, J. Singh, Electroanalysis 20

(2008) 1186–1193.
[280] I. Novozamsky, W.H. van Riemsdijk, Anal. Chim. Acta 85 (1976) 41–46.
[281] I. Vermes, E.W. Grabner, J. Electroanal. Chem. Interfac. Electrochem. 284

(1990) 315–321.
[282] Z.N. Yan, X. Li, Y. Xu, B.X. Ye, Electroanalysis 19 (2007) 958–963.
[283] R.E. Moss, J.J. Jackowski, M. deSouzaCastilho, M.A. Anderson, Electroanalysis

23 (2011) 1718–1725.
[284] V.K. Gupta, R. Ludwig, S. Agarwal, Anal. Chim. Acta 538 (2005) 213–218.
[285] Y.L. Zhang, J. Dunlop, T. Phung, A. Ottova, H.T. Tien, Biosens. Bioelectron. 21

(2006) 2311–2314.
[286] F. Kivlehan, W.J. Mace, H.A. Moynihan, D.W.M. Arrigan, Anal. Chim. Acta 585

(2007) 154–160.
[287] M.P. Okoh, J.L. Hunter, J.E.T. Corrie, Biochemistry 45 (2006) 14764.
[288] P. Kumar, D.M. Kim, M.H. Hyun, Y.-B. Shim, Talanta 82 (2010) 1107–1112.
[289] H. Aoki, K. Hasegawa, K. Tohda, Y. Umezawa, Biosens. Bioelectron. 18 (2003)

261–267.
[291] H. Tavakoli, H. Ghourchian, J. Iran. Chem. Soc. 7 (2010) 322–332.
[292] W Bian, C Jiang, Clin. Chim. Acta. 368 (2006) 144.
[293] T Wang, C Jiang, Anal. Chim. Acta 561 (2006) 204.
[294] Q Peng, F, J.C Hou, Spetrochim. Acta Part A 65 (2006) 62.
[295] A Ojida, I Hamachi, Bull. Chem. Soc. Jpn. 79 (2006) 35.
[296] A Ojida, M Inoue, Y Mito-oka, H Tsutsumi, K Sada, I. Manachi, J. Am. Chem.

Soc. 128 (2006) 2052.
[297] A. Crew, D. Lonsdale, N. Byrd, R. Pittson, J.P. Hart, Biosens. Bioelectron. 26

(2011) 2847–2851.
[298] X. Sun, X. Wang, Biosens. Bioelectron. 25 (2010) 2611–2614.
[299] E. Khaled, H.N.A. Hassan, A. Girgis, R. Metelka, Talanta 77 (2008) 737–743.
[300] L. Gilbert, A.T.A. Jenkins, S. Browning, J.P. Hart, Anal. Biochem. 393 (2009)

242–247.
[301] C.H. Kwan-Roger, H.F Leung, Y.T. Phoebe, J.P. Hon, R. Barford, R Renneberg,

Appl. Microbiol. Biotechnol. 66 (2005) 377–383.
[302] T. Katsu, T. Kayamoto, Anal. Chim. Acta 265 (1992) 1–4.
[303] C. Duan, M.E. Meyerhoff, Anal. Chem. 66 (1994) 1369–1377.
[304] A. Preechaworapun, Z. Dai, Y. Xiang, G. Chailpakul, J. Wang, Talanta 76 (2008)

424–431.
[305] C.M. McGraw, S.E. Stitzel, J. Cleary, C. Slater, D. Diamond, Talanta 71 (2007)

1180–1185.
[306] J.S. Sidwell, G.A. Rechnitz, Biosensors 2 (1986) 221–233.
[307] F. Schubert, R. Reneberg, F.W.L.K. Scheller, Anal. Chem. 56 (1984) 1677.
[308] C.R. Linder, B.J.V., G.J.P., Anal. Lett. 18 (1985) 2165.
[309] T. Matsunanga, T.R.T. Susuki, Enzyme Microbial. Technol. 6 (1984) 355.
[310] L. Campanella, M. Cordatore, F. Mazzei, M. Tomassetti, J. Pharm. Biomed. Anal.

8 (1990) 711–716.
[311] L. Campanella, M. Cordatore, F. Mazzei, M. Tomassetti, G. Volpe, Food Chem.

44 (1992) 291–297.
[312] S. Basheer, D. Samyn, M. Hedström, M.S. Thakur, B.L. Persson, B. Mattiasson,

Biosens. Bioelectron. 27 (2011) 58–63.
[313] M. O'Toole, K.T. Lau, R. Shepherd, C. Slater, D. Diamond, Anal. Chim. Acta 597

(2007) 290–294.
[314] M.M. Villalba, K.J. McKeegan, D.H. Vaughan, M.F. Cardosi, J. Davis, J. Mol.

Catal. B: Enzymatic 59 (2009) 1–8.
[315] E.M. Dúrso, P.R. Coulet, Anal. Chim. Acta 281 (1993) 535–542.
[316] Y. Udnan, I.D. McKelvie, M.R. Grace, J. Jakmunee, K. Grudpan, Talanta 66

(2005) 461–466.
[317] W. Liu, X. Li, M. Song, Y. Wu, Sens. Actuators B: Chem. 126 (2007) 609–615.
[318] F. Schubert, R. Rennerberg, S.F, L. Kirstein, Anal. Chim. Acta 56 (1984)

1682–1685.
[319] N. Conrath, B. Gründig, S. Hüwel, K. Camman, Anal. Chim. Acta 309 (1995).




