
SAGE-Hindawi Access to Research
International Journal of Electrochemistry
Volume 2011, Article ID 343125, 15 pages
doi:10.4061/2011/343125

Review Article

Design and Development of Biosensors for
the Detection of Heavy Metal Toxicity

Graziella L. Turdean

Physical Chemistry Department, Babes-Bolyai, University of Cluj-Napoca, 11 Arany Janos Street, 400028 Cluj-Napoca, Romania

Correspondence should be addressed to Graziella L. Turdean, gturdean@chem.ubbcluj.ro

Received 28 February 2011; Accepted 23 March 2011

Academic Editor: Sibel A. Ozkan

Copyright © 2011 Graziella L. Turdean. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Many compounds (including heavy metals, HMs) used in different fields of industry and/or agriculture act as inhibitors of
enzymes, which, as consequence, are unable to bind the substrate. Even if it is not so sensitive, the method for detecting heavy metal
traces using biosensors has a dynamic trend and is largely applied for improving the “life quality”, because of biosensor’s sensitivity,
selectivity, and simplicity. In the last years, they also become more and more a synergetic combination between biotechnology
and microelectronics. Dedicated biosensors were developed for offline and online analysis, and also, their extent and diversity
could be called a real “biosensor revolution”. A panel of examples of biosensors: enzyme-, DNA-, imuno-, whole-cell-based
biosensors were systematised depending on the reaction type, transduction signal, or analytical performances. The mechanism
of enzyme-based biosensor and the kinetic of detection process are described and compared. In this context, is explainable why
bioelectronics, nanotechnology, miniaturization, and bioengineering will compete for developing sensitive and selective biosensors
able to determine multiple analytes simultaneously and/or integrated in wireless communications systems.

1. Introduction

1.1. About Heavy Metals. Heavy metals (HMs) and their ions
are ubiquitous and by definition are metals having atomic
weights between 63.5 and 200.6 g mol−1 and a specific gravity
greater than 5 g cm−3 [1]. Living organisms require small
doses of some essential heavy metals, including cobalt, cop-
per, iron, manganese, molybdenum, vanadium, strontium,
and zinc. However, in the case of essential metals and very
toxic metals, excessive levels and, respectively, even small
doses, influence both the ecosystem and human health [2].
Nonessential heavy metals which affect the surface water
systems are cadmium, chromium, mercury, lead, arsenic, and
antimony.

Because HMs are relatively abundant in the Earth’s crust
and are often used in industrial processes and agriculture,
consequently they become toxic to humans. These can
make important alterations to the biochemical cycles of life.
Human activities are adapted and interfered with natural
cycles and produced a release to the aquatic and terrestrial

systems. The HMs are transported by runoff water and
contaminate water sources downstream from the industrial
site. For life, all living (micro)organisms, plants, and animals
depend on water, but because heavy metals can bind to the
surface of microorganisms, they may be transported inside
the cell. There, the HMs can be chemically changed using
chemical reactions similarly with those for digesting food
[1, 2].

The determination of trace levels (subpart per billion,
ppb) of toxic HMs in complex matrices like biologi-
cal material (serum and cytoplasm of cells) for clinical
medicine/toxicology and animal husbandry, natural waters
(ocean, sea, rivers), wastewater (from mining, metal process-
ing, tanneries, pharmaceuticals, pesticides, organic chemi-
cals, rubber and plastics, lumber and wood products, etc.),
soil and air for chemical oceanography or for environmen-
tal monitoring (wastewater treatment or monitoring), for
industrial process monitoring has become very important,
because these media are vulnerable to this class of pollutants
[1, 3–5].
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Powerful analytical methods/techniques including atom-
ic absorption and emission spectroscopy, inductively coupled
plasma mass spectroscopy, and their combination with
chromatographic techniques are widely used and are com-
mercially available. These techniques exhibit high sensitivity,
selectivity, reliability, and accuracy, but require sophisticated
instrumentation inadequate for use outside the laboratory,
skilled personel, complicated sample collection, pretreat-
ment (pre-concentration), and a long measuring period [3,
6, 7].

Consequently, with the comparable sensitivity and selec-
tivity, the electrochemical methods such as ion-selective elec-
trodes, biosensors, polarography, and other voltammetric
techniques are also extensively used as attractive choice to the
classical methods, due to their less complex instrumentation
and shorter measuring period [7]. Also, simple, inexpensive,
and portable instruments are attractive and desirable for
real-time sampling/measuring and online and continuous
analysis/monitoring/control of natural samples [3].

1.2. What Is a Biosensor?. According to the International
Union of Pure and Applied Chemistry (IUPAC) (namely
Physical Chemistry and Analytical Chemistry Divisions)
a biosensor is defined as “a self-contained integrated
device that is capable of providing specific quantitative or
semi-quantitative analytical information using a biological
recognition element (biochemical receptor) which is in
direct spatial contact with a transduction element” [8, 9].
A typical biosensor construct has three main features: a
recognition element (enzyme, antibody, DNA, etc.), a signal
transducing structure (electrical, optical, or thermal), and
an amplification/processing element (see Figure 1), same
models including also, a permselective membrane which
controls transport of analyte to the bioreceptor [10].

As summarized in Table 1, various transduction mech-
anisms can be used: electrochemical, electrical, optical,
thermal, and piezoelectric [8, 11]. Most commonly, in a
biosensor, a biorecognition phase (e.g., enzyme, antibody,
receptor, and single-stranded DNA) interacts with the ana-
lyte to produce a signal, which may be due to (i) a change
in proton concentration, (ii) a release or uptake of gases
such as ammonia or oxygen, (iii) a release or uptake of
electrons, (iv) a light emission, absorption, or reflectance,
(v) a heat emission, or (vi) a mass change, and so forth.
The function of the transducer is to convert the signal into
an appropriate measurable response (e.g., current, potential
or temperature change). Through signal processing, this
interaction is converted into digital values that relate to
the build-up of concentration/activity of the analyte in the
environs of the device, which in turn relates to the ambient
levels in the bulk investigated sample. A biosensor is not
necessarily an individual entity, but is considered as part of
a general designed instrumentation [8].

2. Enzyme-Based Biosensor

Adsorption, covalent binding to solid surfaces and sup-
ported films, entrapment in polymer hydrogels and
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Figure 1: Schematic principle of operation of a biosensor.

microencapsulation have been used for a long period to
immobilize enzymes [12].

The application of immobilized enzymes has several
advantages in comparison with free enzymes [13, 14]:

(i) thousands times lower consumption of immobilized
enzyme;

(ii) reduction of interferences by the differential mode of
operation;

(iii) unnecessary preincubation;

(iv) rapid analysis procedure, less than 5 min;

(v) in the case of reversible inhibition, sometimes the
reactivation of enzyme activity is not necessary.

Biosensors have been used for indirect monitoring of
organic (e.g., pesticides) or inorganic substances (e.g., heavy
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Table 1: Principal transduction systems used in biosensors.

Transduction system Measurement/parameters

Electrochemical
Amperometry/current
Potentiometry/voltage at zero current

Electrical Conductometry/conductance

Optical
Fotometry/luminescence
Fotometry/fluorescence
Refractometry/refractive index

Thermal Calorimetry/temperature

Piezoelectric
Mass-quartz crystal microbalances/mass
Mass-surface acoustic waves/velocity and so forth.

metals) which inhibit its biocatalytic properties. The prob-
lem with biosensors based in enzymatic inhibition is that
only a few enzymes are sensitive to heavy metals [12].

Generally, for a bioelectrocatalytical scheme the follow-
ing reactions it can be written as follows:

S + Eox
Ks←→ [S− Eox]

kcat−−→ P + Ered, (1)

Mox + Ered
KM←−→ [M− Ered]

kcat−−→Mred + Eox, (2)

Mred −→Mox + e−, (3)

where S is a substrate; P is a product; E is a enzyme; Mox,
Mred are the oxidized and reduced forms of a redox mediator
molecules.

The “ping-pong” mechanism is proposed for the enzyme
reaction described by a reaction rate (vS), which at steady
state is given by (4). The measured current (Iapp) reflects vS,
as expressed by the approximate equation [15]:

vs = kcat[E]
1 + (KS/[S]) + (KM/Mox)

, (4)

Iapp = FA[M]

√
2nSnMDMkcat[E]

2KM + [M]
, (5)

where kcat = catalytic constant; KS is Michaelis constant for S;
KM is Michaelis constant for Mox; E is enzyme concentration;
S is substrate concentration; Mox is mediator concentration;
F is Faraday’s constant; A is electrode surface area; M is
bulk concentration of mediator M;DM is diffusion coefficient
of M; nS and nM are the number of electrons involved in
(1)–(3), respectively.

2.1. Enzyme Inhibitor System. The long-term function of
enzyme-based biosensors may be severely limited by the
powerful of inhibitors which is measured. Because the
enzyme-inhibitor reaction is habitually complicated, the
inhibition of the enzyme can be either reversible or an
irreversible inactivation.

Sometimes the effect of an inhibitor can be reversed
by decreasing the concentration of inhibitor (e.g., by dilu-
tion or dialysis). It is the case of the reversible inhibition.
Once inhibition has occurred and there is no reversal

of inhibition with decreasing the inhibitor concentration,
the inhibition is called irreversible. The difference between
reversible and irreversible inhibition is not absolute and is
difficult to do, if the inhibitor binds very strongly to the
enzyme and if it is released very slowly. Reversible inhibitors
that work in a way that is difficult to distinguish from
irreversible inhibition are called tight-binding inhibitors
[16].

2.1.1. Reversible Inhibition. Reversible inhibitors are molecu-
les that bind reversibly to enzymes with rapid association by
noncovalent interactions and rapid dissociation rates. This
chemical equilibrium between the enzyme and the inhibitor
can be displaced in favour of the enzyme and so the activity of
the enzyme can be regained, by the removal of the inhibitor
by dialysis, gel filtration, and so forth. The removal of the
inhibitor restores the enzyme activity to its original value.

The inhibition process of the immobilised enzyme can be
described by the following generally kinetic scheme [11, 16–
18]:

E + S E + P

+ S

kcat

E-S-Inh

k−1

Ki

βk2

E-S

Inh

KI

k1

αk1

αk−1

+Inh+

E-Inh + PE-Inh

(6)

where: E is immobilised enzyme; S is free substrate; P is
product; E-S is enzyme-substrate complex; E-Inh is enzyme-
inhibitor complex; E-S-Inh is ternary complex containing
enzyme-substrate inhibitor; KI and Ki are equilibrium
dissociation constants of the E-S-Inh complex and the E-Inh
complex, respectively.

In function of the binding site, inhibitors can be:
competitive, uncompetitive, noncompetitive and mixed, and
their effects on the kinetic parameters (KM and vmax) are
resumed in Table 2 [19, 20].

From the general scheme 6 the value of equilibrium
dissociation constants (KI , Ki) could be calculated from
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Table 2: Type of inhibitors.

Inhibitor type Binding site on enzyme Kinetic effect

Competitive
inhibitor

An inhibitor that is structurally similar to the
substrate cannot undergo the catalytic step, so it
wastes the enzyme’s time by preventing S binding,
that is, inhibitor competes with substrate for the
enzyme-substrate binding site in a dynamic
equilibrium process, thus increasing KM for
substrate.
Inhibition is reversible using high concentrations
of substrate.

vmax is unchanged; KM is increased.

Uncompetitive
inhibitor

Binds only to ES complexes at locations other
than the catalytic site. Substrate binding modifies
enzyme structure, making inhibitor-binding site
available. Inhibition cannot be reversed by
substrate.

vmax and KM decreased with the same
factor.

Noncompetitive
inhibitor

If the inhibitor is not only bound to the E, but
also to the E-S complex, at a remote site other
than at the catalytic site of the enzyme, thus the
active centre is usually deformed and its function
is thus impaired, affecting kcat. In this case the
substrate and the inhibitor do not compete with
each other. Substrate binding is unaltered, but ESI
complex cannot form products. Inhibition cannot
be reversed by substrate.

KM appears unaltered; vmax is decreased
proportionately to inhibitor concentra-
tion.

Mixed inhibitor

AS the noncompetitive, this inhibitor binds at a
site other than the active site (E or ES) and causes
changes in the overall 3D shape of the enzyme
that leads to a decrease in activity. The inhibitor
binds to E and ES with different affinity (Ki not
equal to KI). Mixed inhibition cannot be
overcome by high substrate concentration.

vmax decrease and KM either increase or
decrease.

the slope and intercept of the linear plot 1/I versus 1/[S]
according to (7) [12, 21]:

1
I
=
(

1 +
[Inh]
Ki

)
KM

Imax[S]
+
(

1 +
[Inh]
KI

)
1

Imax
. (7)

2.1.2. Irreversible Inactivation. The term irreversible inhib-
itor means that the decomposition of the enzyme-inhibitor
complex results in the destruction of enzyme (e.g., its hy-
drolysis, oxidation, etc.) or modification of an essential
aminoacid required for enzyme activity. Frequently, this is
due to a covalent bond between the enzyme active site and
the inhibitor. These inhibitors are designed to mimic the
natural substrate in the recognition phase and to bind to
the active site of the enzyme in a second step. Upon binding
and some catalytic modification, a highly reactive inhibitor
product is formed, that binds irreversibly and consequently
inactivates the enzyme [19].

The kinetics of the inhibition depends strongly on
the biosensor configuration. Thus, in the case of a thin
enzymatic layer, the kinetics observed is similar to that of the
enzyme in solution. Also, the inhibition of native enzymes is
related directly to the incubation time [19]. An interesting
case concerning the inhibition of peroxidise by HM was
investigated [7]. The conclusion is that there exists an early

phase of reversible inhibition (5 s), followed by irreversible
inhibition. As consequence, it is hard to accomplish the
amperometric measurement of remaining activity (vi) so
soon after a reversible inhibition. However, irreversible
inhibition or inactivation has to be considered, when longer
incubation times were used (1–8 min). Also, HM salts
at high concentration (>1 mM) inactivate all enzymes by
coprecipitation, while lower concentrations affect only some
enzyme activities by interaction with specific protein groups
[22].

Knowing that the irreversible inactivation follows the
reaction mechanism described by scheme (8) [22]

E + S E + P
kcat

k−1

Ki

E-S
k1

Inh+

E-Inh E-Inh’
kinac

(8)

and supposing that the irreversible inactivation process was a
first order versus enzyme concentration [E], according to the
literature, the reaction rate is described by equation (9)

d[E]
dt

= −kobs[E] (9)
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which become after variable separation:

d[E]
[E]

= −kobs dt. (10)

After integration

ln vi = − kobst + const, (11)

the linear dependence of ln vi versus t which can be plotted
for each incubation time is obtained.

The experimental slope is

kobs = kinac[Inh]
[Inh] + Ki

, (12)

where [Inh] is inactivator concentration, Ki is equilibrium
dissociation constant, and kinac is rate constant of inactiva-
tion.

(i) For [Inh]� Ki, equation (12) became

kobs = kinac[Inh]
Ki

. (13)

Thus the 1/kobs plotted against 1/[Inh] is a straight line with
the slope Ki/kinac [7], which permit also the determination of
the detection limit and the efficiency of inactivation.

(ii) For [Inh] around Ki, 1/kobs plotted versus 1/[Inh]
permitted the determination of ki and Ki and calcu-
lation of ki/Ki [22].

Also, when the inhibition reaction 6 is reduced to scheme (8)
(i.e., KI → ∞, αk1 → ∞, k2 → 0) the inhibition constant
(Ki) value can be determined from the slope and intercept of
the linear 1/I versus1/[S] plot of the modified equation (7)
[12, 21]:

1
I
=
(

1 +
[Inh]
Ki

)
KM

Imax [S]
+

1
Imax

. (14)

2.1.3. Degree of Inhibition. Irreversible inhibition is usually
quantified in terms of the rate of inhibition. In order
to investigate the heavy metals inhibition an experimental
method is used consisting in recording the bioelectrode
amperometric response to successive additions of substrate,
before and after its incubation in an inhibitor solution, for
a given period of time. Thus, the method allows to calculate
the percent of inhibition (% Inh), defined using the formula
[23–28]:

%Inh = I0 − I

I0
∗ 100, (15)

where I0 is bioelectrode initial response when the inhibitor
was absent; I is bioelectrode response after incubation with
the inhibitor.

Also, it was reported that the degree of inhibition
depends on the concentration of the inhibitor and on the
exposure time (at a defined pH value and at inhibitor
concentration which is in excess with respect to enzyme)

[29, 30]. There have been some initial efforts at the devel-
opment and experimental verification of theoretical models
for the inhibition of immobilized enzymes using biosensors.
When diffusion phenomenon are taken into account, the
model predicts that the percentage of enzyme inhibition
(% Inh), after exposure to an inhibitor, is linearly related to
both the inhibitor concentration [Inh] and the square root of
incubation time (t1/2) [19, 31].

2.2. Examples of Enzyme-Based Biosensors for Heavy Metal
Detection. For heavy metals detection, different enzymes
such as acetylcholinesterase, alkaline phosphatase, urease,
invertase, peroxidise, L-lactate dehydrogenase, tyrosinase,
and nitrate reductase, have been used. The inhibition of
the immobilized enzyme can be detected via electrochemical
(amperometric, potentiometric, and conductometric) or
optical measurements. The principle of detection is resumed
in Table 3 and the analytical parameters of the enzyme-based
biosensors are summarized in Table 4.

3. DNA-Based Biosensor

During last years, there has been a huge increase in the use
of nucleic acids, as a way in the recognition and monitoring
of many toxic compounds of analytical interest, because
many of this molecules, and especially HMs, show a high
affinity for DNA and they can interact with nucleic acids.
The interaction between metal ions and DNA is important
in living organisms, because it could have, either favourable,
or adverse effects in life science reported to the damage,
replication and transcription of DNA in vivo, mutation
of gene, action mechanism of some synthetic chemical
nucleases, and molecular analysis [57], which often lead
to the change of the structure and function of genetic
materials, by development of malignant tumours [58]. Thus,
the ability to monitor and quantify the levels of HMs (such
as Pb, Cd, and Ni) that interact with DNA is widely studied
[59], because these ions have been detected in different
sources: foods, beverages, soil, plants, natural waters, and
so forth. Also, the International Agency for Research on
Cancer (IARC) lists some HMs (as Pb and Cd) as possible
human carcinogens, while the carcinogenic properties of Ni
are related to tumour promotion [58].

Usually, for HMs studies, the DNA was native (from Calf
Thymus, double-stranded DNA, ds-DNA) or denaturated
(single-stranded DNA, ss-DNA) [59, 60]. The electro-
chemical techniques (chronopotentiometric or voltammetric
methods), especially the pulse techniques, are appropriate
for studying the biological systems, and also, for DNA heavy
metal interactions, because they improve the selectivity and
the signal-to-noise ratio, are fast, of low cost, and have high
sensitivity [57, 58].

An electrochemical DNA biosensor is an integrated
receptor-transducer device that uses DNA as a biomolecular
recognition element to measure specific binding processes
with DNA, through electrochemical (especially carbon elec-
trodes) transduction [57]. As for other biosensors, the most
important factor for the construction of efficient DNA-based
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Table 3: Principle of detection using enzyme-based biosensors.

Enzyme Reaction Equations References

(1) (2) (3) (4)

Alkaline phosphatase
(EC: 3.1.3.1, ALP)

orttophosphoric monoester +H2O
ALP−−→ alcohol + H3PO4 (16)

[12–
14, 32]

Urease (EC: 3.5.1.5) NH2CONH2+3 H2O
urease−−−→ 2 NH+

4 +HCO−3 + OH− (17) [5, 33–38]

Urease/glutamate
dehydrogenase (GLDH)

NH2CONH2 + H2O
urease−−−→ CO2 + 2 NH3 (18) [39]

NH3 + α-ketoglutarate + NADH + H+ GLDH−−−→ L-glutamate + NAD+
(19)

Tyrosinase (EC: 1.14.18.1, Ty)
Cl Cl

OH

+ O2 + 2H+
Ty

OH

OH

+ H2O (20)

[40, 41]

Cl

Ty

ClOH

OH

+ H2O+ 1/2 O2

O

O

(21)

Acetylcholinesterase
(EC: 3.1.1.7, AChE)

2(CH3)3N+(CH2)2SCOCH3+H2O
AChE−−−→ (CH3)3N+(CH2)2SH + CH3COOH (22) [42, 43]

2(CH3)3N+(CH2)2SH−2e− → (CH3)3N+(CH2)2 S−S(CH2)2N+ (CH3)3+2H+ (23)

Nitrate reductase (EC: 1.7.1.2,
NR or NAD(P)H-NR)

NO−3 + NAD(P)H + H+ NR−−→ NO−2 + NAD(P)+ + H2O (24) [44, 45]

PQQ glucose dehydrogenase
(EC: 1.1.5.2, PQQ-GDH)

D-glucose + ubiquinone
PQQ−GDH−−−−−−→ D-glucono-1,5-lactone + ubiquinol (25) [15]

Glycerol-(PQQ)
1-oxidoreductase (EC: 1.1.99.22,
PQQ-GlyDH)

Glycerol+ acceptor (ox)
PQQ−GlyDH−−−−−−−→glycerine/dihydroxyacetone + acceptor

(red)
(26) [46]

Glucose oxidase (EC: 1.1.3.4,
GOx)

first generation glucose + Gox(FAD) + H2O⇔ [glucose-Gox(FAD)] →
gluconic acid + Gox(FADH2)

(27) [20, 47]

O2 + Gox(FADH2)⇔ [O2-Gox(FADH2)] → H2O2 + Gox(FAD) (28)

second generation glucose + Gox(FAD) + H2O⇔ [glucose-Gox(FAD)] →
gluconic acid + Gox(FADH2)

(27)

Mox + Gox(FADH2) → Mred + Gox(FAD) + 2H+ (29) [48]

Mred → Mox + e− (30)

Invertase (EC: 3.2.1.26, Inv)/Gox
Sucrose + H2O

Inv−→ α-D-glucose + D-fructose (31) [49]

α-D-glucose + O2
Gox−−→ D-gluconic acid + H2O2

(32)

Invertase/Mutarotase/Gox

Sucrose + H2O
Inv−→ α-D-glucose + D-fructose (33)

α-D-glucose
Mutarotase−−−−−−→ β-D-glucose (34) [50]

β-D-glucose + O2
Gox−−→ D-gluconic acid + H2O2

(32)

H2O2
Pt−→ O2 + 2H+ + 2e− (35)

H2O2 + HRPred→ H2O + HRPox (36)

Horseradish peroxidase
(EC: 1.11.1.7, HRP)

H3C
N

CH3

CH3

CH3

N
H

S HN+
H3C

N

CH3

CH3

CH3

N

S N+

HRPox + HRPred +

(37) [7]

H3C
N

CH3

CH3

CH3

N
H

S HN+

H3C

N

CH3

CH3

CH3

N

S N+

+ 2e−
(38)
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Table 3: Continued.

Enzyme Reaction Equations References

(1) (2) (3) (4)

L-lactate dehydrogenase (EC:
1.1.1.27, LDH)/L-lactate oxidase
(EC: 1.13.12.4, LOD)

NADH + H+ + pyruvate
LDH−−→ L-lactate + NAD+ (39)

[22]

L-lactate + O2
LOD−−→ pyruvate + H2O2 (40)

Table 4: Principle characteristics of enzyme biosensors for heavy metal detection.

Enzyme Detection; working electrode; applied potential Limit of detection References

AChE Amperometry; G/AChE; 0.80 V versus SCE 10−10 M Hg2+ [43]

ALP Conductometry; Au/ALP-GA-BSA-glycerol;—
0.5 ppm Cd2+, 2 ppm Zn2+,
2 ppm Co2+, 5 ppm Ni2+,
40 ppm Pb2+

[13]

ALP Amperometry; SPE/ALP-chitosan; +0.6 versus Ag/AgCl
mg/L Hg2+, Cd2+, Ag+,
Zn2+, Cu2+ [51]

ALP Fluorescence;— 10.1 μM Ag+ [12]

ALP Chemiluminescence;— 0.36 ppb Zn2+ [52]

HRP Amperometry; GCE/MB-HRP-GdA
0.1 ng/mL HgCl2,
0.2 ng/mL Hg2(NO3)2

[7]

Gox Amperometry; Pt/PA/Fc/GA/GOx; +0.7 V versus SCE 0.49 μg/L Hg2+ [48]

Gox Amperometry; Pt/PPD/GOx; +0.7 V versus SCE

2.5 μM Hg2+, 0.05 μM Ag+,
5.0 μM Cu2+, 5.0 μM Cd2+,
12.0 μM Fe3+, 8.0 μM Co2+,
4.8 μM Ni2+, 48 μM CrO2−

4

[20, 47]

Inv Gox
Amperometry; Pt/Inv-Gox-agarose-guar gum; +0.35
versus Ag/AgCl

5∗10−10 M Hg2+, 3∗ 10−8 M
Pb2+, 5∗ 10−8 M Ag+, 2.5∗

10−8 M Cd2+
[49]

Inv Mu Gox
Amperometry; Pt/Inv-Mu-Gox-laponite; +0.6 versus
Ag/AgCl

3 ppb Hg2+ [50]

LDH LOD
Amperometry; Clark electrode (Pt
cathode);−0.7 Vversus Ag/AgCl

1 μM HgCl2, 10 μM Cu2+,
25 μM Zn2+ [22]

NR
Conductometry; Pt/NR–GA-BSA-metyl viologen/
Nafion

0.05 μM Cu 2+, 0.5 μM
Zn2+, 0.1 μM Cd2+, 1 μM
Pb2+

[45]

PQQ-GDH
Amperometry; G/PQQ-GDH-GA; +0.25 versus
Ag/AgCl

15∗ 10−5 M Cd2+, 15∗

10−5 M Pb2+ [15]

Ty Amperometry; GCE/Ty-pPy;+0.4 versus Ag/AgCl 5 10−7 M Cr3+ [41]

Ty Conductometry; Ty-GA-BSA/Pt;— 1 ppb Cu2+ [40]

Urease Amperometry; Pt/PVF/urease;+0.7 V versus SCE 7.4 μM Hg2+ [34]

Urease Potentiometry; PVC-NH2/Au-NP/urease;— 0.05 μM Hg2+ [53]

Urease Potentiometry;SPE (RuO2+urease+ graphite);— — [54]

Urease Potentiometry; Ir/IrO2/Urease-PVC;— 0.02 μM Hg2+ [5]

Urease Potentiometry; NH+
4 - ENFET;— 0.2 μM Cu2+, 0.1 μM Hg2+ [55]

Urease Conductometry; SPE;-
0.005 mM Hg2+, 0.02 mM
Cu2+, 0.1 mM Cd2+,
0.9 mM Pb2+

[35]

Urease/GLDH Amperometry; C-Rh; +0.3 versus Ag/AgCl
7.2 μg/L Hg2+, 8.5 μg/L
Cu2+, 0.3 mg/L Cd2+,
0.2 mg/L Zn2+

[56]

ALP = alkaline phosphatase; Au-NP = gold nanoparticles; BSA = bovine serum albumin; C-Rh = rhodinised carbon electrode; ENFET = enzyme field
effect transistor; Fc = ferrocene; MB = methylene blue; GA = glutaraldehyde; GdA = glutaric dialdehyde; GCE= glassy carbon electrode; GLDH = glutamate
dehydrogenase; Gox = glucose oxidase; Inv = invertase; Mu = mutarotase; NR = nitrate reductase; PA = polyaniline; PPD = poly(o-phenylenediamine); pPy =
polypyrrole; PQQ-GDH = pyrroloquinoline quinine dependent glucose dehydrogenase; PVC = poly(vinyl chloride); PVC-NH2 = ethylenediamine poly(vinyl
chloride); PVF = poly(vinylferrocenium); SCE = saturated calomel electrode; SPE = screen-printed electrode; Ty = tyrosinase.
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Table 5: Examples of DNA-based electrodes.

Electrode
Immobilisation

technique
Toxic effect References

GCE/ds-DNA Deposition

Pb2+ interacts with ds-DNA
preferentially at adenine-containing
segments, leading to modifications
in the double-helical structure.

[58]

SMFE/ss-DNA
Inclusion in a CN

membrane

Pb2+ and Cd2+ covalent bind during
complexation with ss-DNA.
Constants of binding (estimated
from Scatchard graphs): Kbind (Pb2+

– ssDNA) = (12 ± 0.3)∗ 105 M−1;
Kbind (Fe3+ – ssDNA) = (1.4 ± 0.3)∗

105 M−1; Kbind (Cd2+ – ssDNA) =
(0.6 ± 0.2)∗ 105 M−1. Limits of
detection: 10−10 M Pb2+, 10−9 M
Cd2+ and 10−7 M Fe3.

[61]

Au/ss-DNA.
Self assembled

method

Cd2+ has the ability to be deposited
at underpotential conditions onto
gold substrates when it is
electrochemically reduced.
Constant of binding Kbind

(Cd2+-ssDNA) = 8.33∗105 M−1.
Limit of detection: 10 pM Cd2+.

[59]

SPE/ds-DNA and
SPE/MWCNT-ds-
DNA

Deposition on SPE Sn2+ and As3+ was studied. [62]

GCE = glassy carbon electrode; SMFE = stationary mercury-film electrode; CN = cellulose nitrate; MWCNT= multi-wall carbon nanotubes; SPE = screen
printed electrode.

Table 6: Advantages and disadvantages of whole cell based biosensor.

Advantages Disadvantages

(i) React only to the available fraction of metal ions; (i) The limited understanding of the biochemistry involved.

(ii) Are fast, less expensive, and less intensive labour; (ii) Lack of genetic stability and short lifetime

(iii) Are compatible with and comparable to chemical analysis;
(iii) Cells require relatively long incubation time (usually longer
than 30 min);

(iv) Are more sensitive than chemical methods; (iv) Difficult reversibility of the signal

(v) Produces real-time data and can be applied in field work or
in situ analysis; does not involve the bulky, fragile equipment, or
specialized training;

(v) Experimental conditions (temperature, pH, incubation time,
buffer, and reagents) can effects the luminescence production and
thus the biosensor performances

(vi) They are more tolerant of suboptimal pH and temperatures
than purified enzymes;

(vi) Less/limited of selectivity

(vii) Are cheaper to use because the active biological
component does not have be isolated and because
microorganisms are living, unlimited quantities can be
prepared relatively inexpensive;

(viii) Can provide information about the bioavailability of the
analyte;

(xi) May perform multi-step reactions since all reactions are
conveniently packaged within the cell and thus, efficiently
carried out.

electrochemical biosensors is the immobilization of the DNA
or its components (such as nucleotides, nucleosides, purine,
and pyrimidine bases) on the electrode surface. Different
adsorption immobilization procedures, such as electrostatic
adsorption or evaporation, adsorption of a monolayer, or
multilayer DNA films have been widely used [58].

Because DNA has four different potential sites for
binding of metal ions: (1) the negatively charged phosphate
oxygen atoms, (2) the ribose hydroxyls, (3) the base ring
nitrogens, and (4) the exocyclic base keto groups [58], in
the case of DNA biosensors, there are two possibilities to
detect pollutants: one is to detect the hybridization of nucleic
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Table 7: Examples of recombinant bacteria for specific heavy metal detection.

Biorecognition element Metal ion/
detection limit

Linear range Detection method References
Promoter/
reporter gene

Host microorganism

(1) (2) (3) (4) (6) (7)

Bacteria

Ars pR773/lacZ Escherichia coli
As3+/50 μM;

Sb3+/1 fM
μM-mM; fM-μM Chemiluminescence [73]

CUP 1/lacZ
Saccharomyces

cerevisiae
Cu2+ 16.0 –32.0 mg/L

Amperometry/ −0.6 V
versus Ag/AgCl

[80]

pMOL 90 +
Tn4431/luxCDABE

Alcaligenes eutrophus
(AE1239)

Cu2+/1 μM 0–250 μM Bioluminescence [81]

cadA and cad
C/lucFF

Staphylococcus aureus
(RN4220)

Cd2+/10 nM;
Pb2+/33 nM; Sb2+/1

nM

10 nM1μM
33 nM– 330 μM
1 nM–330 nM

Bioluminescence [82]

mer /lux
Escherichia coli (CM

2624)
Hg2+ Bioluminescence [83]

merR/luxFF Escherichia coli (S30) Hg2+ Luminescence [84]

merR/luxFF
Escherichia coli (MC

1061)
Hg2+ Luminescence [85]

−/DsRed-GFP
Escherichia coli

(DH5α)
Cu2+/45 nM Fluorescence [86]

−/lux
Burkholderia sp

(RASC c2)
Zn2+/1.7 μg/mL

Cu2+/0.09 μg/mL
Bioluminescence [70]

cad/rs-GFP
Escherichia coli

(DH5α)

Cd2+/0.1 nmol/L;
Pb2+/10 nmol/L;
Sb3+/0.1 nmol/L

Fluorescence [87]

−/eGFP205C
Escherichia coli (K12),

Caenorhabditis
elegans

Hg2+ Fluorescence [88]

copA/lux
Escherichia coli

(W3110)
Cu2+, Ag+, Au3+ Bioluminescence [89]

Algae

Tetraselmis chuii (Prasinophyceae)/CPE Cu2+/4.6 10−10 M 5 10−8–10−6 M
Amperometry/ −0.4 V

versus Ag/AgCl
[90]

Chlorella vulgaris Cd2+ Synchronous-scan
Spectrofluorimetry

[91]

AlkP from Chlorella vulgaris/Pt Cd2+, Zn2+/10 ppb Conductometry [75]

Phormidium sp./CPE Pb2+/2.5 10−8 M 5 10−8– 2 10−5 M CV, DPSV [92]

Yeast cell

Rhodotorula mucilaginosa/CPE Cu2+ 10−7–10−5 M CV, DPSV [93]

Fungi

Rhizopus arrhizus/CPE Pb2+/0.5 10−8 M 10−7– 1.25 10−5 M CV, DPSV [94]

Metal-binding protein

Synthetic phytochelatin (EC)/Au Hg2+, Cd2+, Pb2+,
Cu2+ 1 fM–10 mM capacitance [68]

GST-SmtA/Au Hg2+ capacitance [83]

GST-SmtA/Au Hg2+, Cd2+, Cu2+,
Zn2+/ 10−15 M

capacitance [6, 95]

MerR/Au Hg2+, Cd2+, Cu2+,
Zn2+/10−15 M

capacitance [6, 95]

Cytocrom c3 from Desulfomicrobium norvegicum/GCE Cr6+/0.2 mg/L
Amperometry/−0,53 V

versus SCE
[96]
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Table 7: Continued.

Biorecognition element Metal ion/detection
limit

Linear range Detection method References
Promoter/
reporter gene

Host microorganism

(1) (2) (3) (4) (6) (7)

Escherichia coli (NCIMB 8277)/SPE Hg2+/1 ppm Conductometry [78]

Acidithiobacillus ferrooxidans/O2 Clark electrode Cr3+ 2 10−5–40 10−5 M Amperometry/— [97]

Circinella sp./CPE Cu2+/5.4
10−8 M(0.0034 mg/L)

5 10−7 – 1 10−5 M
Cu2+(0.032–
0.635 mg/L)

DPSV [65]

CUP1 gene from Saccharomyces

Cu2+ 16–32 mg/L
Amperometry/−0.6 V
versus Ag/AgCl

[80]

Cerevisiae—fused to lacZ gene from

Escherichia coli/O2 Clark electrode

Escherichia coli (K-12)-(PAH-PSS)3—ITO Hg2+/10−12 M 10−12–10−3 M
Electrochemical
impedance spectroscopy

[98]

Bacillus sphaericus MTCC 5100/ NH+
4 -ISE Ni2+/100 ppm or

0.044 ppm in food
0.03–0.68 nM Potentiometry [99]

CPE = carbon paste electrode; CV = cyclic voltammetry, DPSV = differential pulse stripping voltammetry, GCE = glassy carbon electrode; ISE = ion selective
electrode; ITO = indium-tin-oxide glass electode; lucFF = firefly luciferase; PAH = poly(allylamine hydrochlorure); PSS = poly(styrene sulfonate); rs-GFP =
red-shifted green fluorescent protein; SCE = saturated calomel electrode, SPE = screen-printing electrode.

acid sequences from infectious microorganisms, and the
other one is to monitor the interaction of small pollutants
with the immobilized DNA (drugs, mutagenic pollutants,
etc.) [39]. Most HM ions interact with more than two
different sites and their interactions with DNA are more
complex. Under chosen conditions, the following methods of
metal-DNA interactions are proposed: (i) indirect chelation
between the nitrogen N7 atom of the DNA purine base
with the oxygen atom of the DNA phosphate backbone
and (ii) direct coordination bond with the nitrogen N7 of
guanine base (rarely of adenine). Two additional models have
been identified: (a) intrastrand chelating between N7 and O6

atoms of guanine and (b) intrastrand bindings formation
with the N7 guanine atoms of ss-DNA [58, 59, 61].

Several examples and the obtained results/conclusions
are synthesised in Table 5.

4. Immunosensors

This type of device attaches the recognition elements (an-
tibody-antigen, Ab–Ag) with a physicochemical transduction
element (electrochemical, optical, piezoelectric, and SPR)
and generally presents the advantages of sensitivity and
selectivity derived from the immunochemical interactions
[63]. Important restrictions are the difficulties to regenerate
the immune surface and cross-reactivity, while a certain
degree of cross-reactivity is often desirable to detect different
species of the same class [39].

Antibody-antigen interactions propose an alternative
procedure for metal ion detection, based on the availability
of antibodies to bind HMs. The KinExA 3000 is an example
of an immunodevice based on the high surface area of

beads containing an immobilized capture reagent (protein-
thioureido-L-benzyl–chelate–metal) in the flow cell of an
instrument. Since the immobilized antigen is in contact for a
limited time with the antibody-binding sites, the KinExA is a
device more sensitive, with a lower limit of detection, where
the antibody binds with higher affinity to the immobilized
antigen, than in the soluble case [64].

5. Whole-Cell-Based Biosensors

A whole cell-based biosensor is an analytical device
which integrates whole cells—which are responsible for its
selectivity—with a physical transducer to generate a mea-
surable signal proportional to the concentration of analytes.
These natural receptors, which can specifically bind HMs,
are proteins of noncatalytic or nonimmunogenic origin [39]
and microorganisms such as: bacteria, mosses, algae [65, 66],
yeasts [67], fungi, and lichens [6, 68]. By coupling the cells to
a transducer that convert the cellular response into detectable
signals it can be express the HM toxicity from a variety of
environmental media including soil, sediment, and water
[39, 69].

5.1. Bioluminescent-Based Sensor. It is well known that low
concentrations of HMs (0.01–0.05 μg/mL) stimulated light
output. This stimulation might occur due to (i) the modi-
fications of the composition of fatty acid in cell membrane
which affect the synthesis of fatty acids into intracellular
media (and therefore alter the biochemical pathway of the
light reaction) or to (ii) the interruption in the cell energy
production [70]. As consequence, light production from
the whole cell depends on the energy derived from the
electron transport chain, so that luminescence measuring
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Light-

emitting

bacterial

biosensors No control element

Promotor bound to
regulatory protein

Promotor bound to

regulatory protein
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(living
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cells that

have been

genetically

engineered)

(b) The sensing element is a non specific controlled element

(2) Specific biosensors (sensing element is specific controlled element)

(1) Nonspecific biosensors

Nonspecific control element

Figure 2: Classification of light-emitting bacterial biosensors.

gives information about the metabolic activity. According to
the classical definition, the whole cell must be integrated with
a transducer (photometer, luminometer, charged-couple
device, and liquid-scintillation counter) to function as a true
biosensor [67]. As consequence, the principle of biosensor
based on bioluminescence is to estimate the toxicity of
HMs by measuring the decrease in light output from the
bacterium, when it is exposed to environmental samples
[71].

The biosensors based on light-emitting bacteria could be
classified in function of recognition element as described in
Figure 2 [39, 67, 69, 72–74].

For surviving and growing in environments containing
levels of toxic metals, the microorganisms have developed a
variety of mechanisms, as following [73]:

(i) exclusion of the metal by the cell membrane;

(ii) active transport of the metal from the cell;

(iii) sequestration of the metal inside the cell, so that it is
not able to produce its toxic effects;

(iv) sequestration of the metal in extracellular media, to
prevent its entering into the cell;

(v) chemical transformation of the metal in a compound
that is less toxic to the cell.

Certainly, biosensors based on bacterial whole cell have
either advantages or disadvantages over conventional meth-
ods of detecting contaminants (Table 6) [67–69, 73].

Whole cells/microbial biosensors typically suffer from
the poor selectivity because of the nonspecific cellular re-
sponse to substrates. There are several ways to improve the

selectivity of microbial biosensors: (i) using the biotech-
nology developments in the field of genetically engineering
of cells with specific metabolic pathways upregulated or
downregulated; (ii) to develop cell-based sensor arrays which
generate a finger-printed response pattern; (iii) using the
nanotechnology developments especially in the field of the
nanostructured materials which can be coimmobilized with
whole cells; (iv) the use of microfabrication, for example,
micron-sized electrodes in view to develop single cell-based
devices; (v) to build a lab-on-a-chip technique in which the
integration of a cells onto a microfluidic chip can develop
a biotic-microelectromechanical system; (vi) to develop a
simple immobilization method to achieve a cells monolayer
with very strong adhesion to a surface and without losing any
of its biological function, in view to avoid the limits of the
chemical methods (covalent binding and cross-linking) or
the poor stability induced by physical methods (adsorption
and entrapment).

5.2. Examples of Biosensors Based on Whole Cells for Heavy
Metal Detection. Representative examples of biosensors
based on whole cells are given in Table 7. As it can be
seen, except the optical detection, the change of conductivity
[75, 76] or of capacitance [68, 77] at an electrode/solution
interface can supply information about conformational
changes of the immobilised cells in the presence of HMs.
A disposable setup (CellSense TM) is an example of a
commercial system that allows up to 32 disposable biosensors
to be monitored in a simultaneous manner; using such
device a large number of measurements and replicates can
be performed rapidly (30 min per assay) [78, 79].
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The essential drawbacks (slow response, low sensitivity,
and poor selectivity) using whole cells as biosensing element
limit the widespread importance of commercial biosensors
on the market.

6. Conclusions

Using the main interdisciplinary works from the past
decades, the present paper summarises the recent progress
in the fabrication and application of biosensors for HMs
detection, with an accent on the types of immobilization
techniques and the different types of transducers used. The
increasing number of published papers has revealed the use
of biosensors based on enzymes, DNA, or whole cells—
as an easy technique for detections, HMs is in continuous
improvement in a wide range of areas and also in the
environmental market. Particularly, although the DNA and
whole-cell-based biosensors have demonstrated their efficacy
in gene discovery and genomics research, in the HMs
detection they are more laboratory oriented and engage
expensive equipment. The synergism between biotechnology
and microelectronics lead developing new opportunities to
build “smart” biosensors, highly integrated systems, and
test kits applied in the alarm monitoring of environmental
pollution, by using as bioreceptor novel enzymes or enzyme
sources having a necessary enzyme activity. They will be
small in size and high in sensitivity. However, until such
biosensor accomplish operational characteristics similar to
the simple pH electrode (in terms of durability, selectivity,
extended concentration range, and resistance to biofouling),
they will probable continue to meet major barriers to
extensive acceptance and to be applied for environmental
monitoring.

For practical applications, at this time there is a strong
need for a really integrated biosensor system that includes
probes, samplers, detector as well as amplifier, and logic
circuitry. Thus systems have great promise to present several
advantages in size, performance, fabrication, analysis, and
production cost. The small sizes of the probes (microliter
to nanoliter) minimize sample requirement and diminish
reagent and waste requirement. Highly integrated systems
lead to a decrease in noise and an increase in signal, due to the
enhanced efficiency of sample collection and the reduction
of interfaces. The capacity of large-scale production using
low-cost integrated circuit technology is, also, a significant
benefit. The process of assemblage of various components
is made by simple integration of some elements on a single
chip.

All evolutions in micromachining and nanotechnology
and all progresses concerning the selectivity and stability
of recognition elements of “smart” sensors, of molecular
devices, and of multiparameter sensor arrays are evident
to have a main impact on pollution control. Further
efforts should be done (i) to the development of new
immobilization techniques (that enhance the stability of the
biocomponent), (ii) to the design of new electrocatalysts
(that facilitate the detection of pollutants), (iii) to address the
fouling and degradation of electrochemical sensors during

use, and (iv) to the introduction of multisensor systems for
simultaneous monitoring of several priority contaminants.
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[92] M. Yüce, H. Nazir, and G. Dönmez, “An advanced investi-
gation on a new algal sensor determining Pb(II) ions from
aqueous media,” Biosensors and Bioelectronics, vol. 26, no. 2,
pp. 321–326, 2010.
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