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1. Introduction

Since Clark’s enzymatic electrode in 1962s [1], biosensors have been proposed for a range of
application and, aiming clinical analysis application, the amperometrical, potentiometrical
and optical are the biosensors which have achieved most significant development. In con-
cept, optical biosensors are those based on the detection of changes on absorption of UV/
visible/Infrared light when chemical reactions occur or on the quantity of light emitted by
some luminescent process. Regarding to supramolecular nanostructures and their ability of
enhancing the sensing activity when applied to biosensors construction, a very instigating
work, presented by Jin Shi et al. [2] showed a way of turning carbon nanotubes into more
water-soluble compounds and, consequently, more biocompatible by modifying their sur-
face with a synthetic DNA sequence. In this way, the carbon nanotubes can overlay the bio-
sensor electrode more efficiently, enhancing the biosensing activity. Lieden et al. [3] also
took advantage of the properties of nanotubes in biosensing. In their work, they showed
that a biosensor can present a rate of detection tree times faster when carbon nanotubes are
used in the nanobiosensor construction, preventing the attachment of protein to the device
components. The change in electric resistance of carbon nanotubes when proteins touch
them is immediate, which confer to the device a fast recognition ability, and leads to an in-
creased efficiency of the biosensor. Yet, other fascinating works are the one presented by
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Chen et al. [4] and the work presented by Park et al.,[5] in which a piezoelectric nanogenera-
tor was developed to feed several devices, including implantable biosensors, which make of
this research field very promising, since nowadays, implantable biosensors present the dis-
advantage of the need to be recharged or replaced when discharged.

In a common sense, biosensor is a device constructed to inform about a system, requiring as
less human action as possible. It is formed of sample holder, a biological recognition element
which must be selective, a physical transducer to generate a measurable signal proportional
to the concentration of the analytes and the signal processing unit, which gives to the ana-
lysts graphical, numerical or comparative information that they shall interpret (fig.1). The
recognition element can be of almost any type of biological system, from antibodies, pro-
teins and peptides to viruses, microbes, cells and tissues.The selection of the appropriate
recognition element considers not only what is the information to be obtained, but also the
ease of construction of the devices employing such element and, of course, their durability.
As an example, some microbes have been employed instead of antibodies and proteins
mostly due to their facile production via cell culture and in vitro stability. Nevertheless, it is
evident that microbes might lead to a lack of selectiveness, due to their non-specific metabo-
lisms. Recent research had proposed that highly selective microbial biosensors can be con-
structed by inducing a desired microbe metabolic pathway and by adapting them to the
substrate of interest, using selected conditions of cell-culturing. Also, as alternative to ma-
nipulate the selectivity and sensitivity of microbial biosensors at the DNA level, the geneti-
cally engineered microorganisms (GEMs) had been proposed. [6]
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Figure 1. General scheme of a biosensor.

Although it is of extreme importance to accurately choose a recognition element to propose
a suitable biosensor, it is of great importance to define a way to turn the recognition event
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into a signal that can be detected and interpreted. The transducer figures now as the element
which is able to transform the biochemical response into a recognizable physical signal. For
example, techniques of immobilizing microorganisms on transducers had played important
roles in the fabrication of microbial biosensors. [7] Some traditional methods of immobiliza-
tion include adsorption, encapsulation, entrapment, covalent binding, and cross-linking,
mainly via sol-gel processes and, in special, immobilization of microorganisms in conduct-
ing polymers are of great interest due to their unique electrochemical properties, which can
be exploited on the transduction function. [8, 9]

A number of possible transducers can be proposed, once the interaction between analyte
and recognition element is defined. Available techniques are of a large number and to elect
the proper one very often is not a trivial task. Among various sensing techniques, there are
piezoelectrical, calorimetrical, enthalpimetrical, DNA microarray, Surface Plasmon Reso-
nance (SPR), Impedance Spectroscopy, Scanning Probe Microscopy (SPM), Atomic Force Mi-
croscopy (AFM), Quartz Crystal Microbalance (QCM), Surface Enhanced Raman
Spectroscopy (SERS), but electrochemical and optical techniques are the widest used in the
development of microbial biosensors, due to their numerous possibilities, which turn possi-
ble the construction of a number of selective sensors.Electrochemical biosensors are classi-
fied as amperometric, potentiometric, conductometric, voltammetric, depending on which
detection principle is employed in the biosensor. In a quick overview on these important de-
vices, an amperometric biosensor is the one that operates at a given applied potential be-
tween the working and the reference electrodes. A current signal, related to analyte’s
concentration in the sample, is then generated, due to the reduction or oxidation process
suffered by an electroactive metabolic product. A conductometric biosensor is that in which
a conductivity change is observed upon production or consumption of ionic species in-
volved in the metabolic process. It became a very attractive device due to its enhanced sensi-
tivity and fastness brought about through sophisticated modern analytical techniques.
Additionally, they are suitable for miniaturization once it requires no reference electrode in
the system. [10] Its disadvantage lies on that all charge carriers lead to a change of conduc-
tivity, which directly affects the device selectivity and is known as relatively poor.

The potentiometric biosensor is based on the potential difference between working and ref-
erence electrodes. In these biosensors, the measured species is not consumed, as it is in the
amperometric biosensor. Its response is on the activity of the species in comparison to the
reference electrode, with the output signal recorded in voltage units and, independently of
the sensor size, the signal is proportional to natural the analyte concentration. Its great ad-
vantage lies on sensitivity and selectivity, if the working electrode is species-selective. How-
ever, a highly stable and accurate reference electrode is always a requirement.

The most versatile electrochemical technique applied to biosensors is voltammetry, since
both current and potential difference combined, consist on a reasonable system response. Its
major advantage its successfully application as a multi-component detector.
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2. Optical biosensors

Optical biosensors are those which can sense phenomena related to the interaction of micro-
organisms with the analytes and correlate the observed optical signal to the concentration of
target compounds, based on the measurement of photons involved in the process, rather
than electrons, as in the afore mentioned techniques. More specifically, optical detection is
based on the measurement of luminescence, fluorescence, colour changes, by the measure-
ment of absorbance, reflectance or fluorescence emissions that occur in the ultraviolet (UV),
visible, or near-infrared (NIR) spectral regions.

Even though the first biosensor reported, the Clark’s amperometric enzyme electrode for
glucose [1] is dated of 1962, the first fiber-optic biosensor was described only in 1975, by
Lubbers and Opitz [11, 12] and, since then, with the incredible rapidity of new detection
techniques development, various optical biosensors have been demonstrated. Among opti-
cal properties, fluorescence is by far the most often exploited one by a significant number of
techniques, mostly based on parameters such as intensity, lifetime, anisotropy, quenching
efficiency, non-radiative and luminescence energy transfer, and so on.

Although fluorescent biosensors have been reported since the late nineties, [13- 15] very of-
ten there is a confusion between labelling and the description of a biosensor, which turns the
exact moment of the fluorescent biosensor proposal not very clear to point. Nevertheless,
amazing development ondetection methods in biosensors, their construction, even at nano-
scale, and applications have been reported in the last decade. [16- 22]

2.1. Classes of optical biosensors

Due to the enormous quantity of biosensors already proposed, it is a very hard task to classi-
fy them all. Nevertheless, for our objective, it is convenient to classify them into two classes,
not based on the detection method, which, of course, must be an optical method, but on the
recognition one. With it in mind, optical biosensors can be sub-classified as:

* probing biosensors: this class consists on biosensors that have based their activity in dif-
ferences of interactions between analyte and recognition element, ruled by affinities. This
behavior leads to changes in the optical response that can be measured by several optical
methods.

* reacting biosensors: in this class, their optical responses are related to chemical processes,
such as chemisorptions, catalytic reactions of any kind, formation of new chemical bonds
and so on. These chemical (and definitive changes) can also generate optical changes
which are detectable by countless optical methods.

With respect to the detection mechanism, biosensors can be of fluorescence, phosphores-
cence, reflection, UV/Vis/IR absorbance, lifetime, which is the characteristic measured by
Forster Resonant Energy Transfer (FRET) based biosensors, responsible for the wide range
of applications in which biosensors had acted lately. Also, refractive indexes changes can be
detected by several and modern techniques, such as interferometry and Surface Plasmon
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Resonance, which had opened a new and promising field for biosensor research. Further in-
formation about them will be presented later in this chapter.

Among all optical properties exploited in biosensors construction, the most common meth-
od of detecting and quantifying biological compounds is still based on the fluorescence ac-
tivity due to the fact that fluorescent properties of most organic fluorophores are susceptible
to environment changes, which is indispensable to sensing applications. The most important
advantage of these biosensors is that they are proposed for general use, thus, they provide
the possibility of multiple compounds detection within a single device, they are able to per-
form remote sensing and they are ease to build. Nevertheless, there are some requirements
for the construction of the fluorescent recognition unit that must be attended, regarded to
structure of the fluorophore and to its photophysical activity.

When proposing a biosensor, the hardest task is to address the right fluorophore to compose
it, the one that will provide the needed answer. This is because there is a number of fluores-
cent probes which can be applied on biosensing and a number of device designs that can be
proposed within the same objective.

Since in sensing applications, detection is based on changes of fluorescent responses of a
particular fluoroprobe, when it is inserted into the analyte environment and interacts with it
by a variety of mechanisms, it is of extremely importance to profoundly understand the
photophysical behavior of the system and the fluorescence parameters that will be determi-
nant in detection. Once this step is achieved, a biosensor can be built aiming to countless ap-
plications, which include immunoassays, nucleic acid detection, cellular and sub-cellular
labeling, resonance energy transfer studies, diagnostic assays and disease monitoring and
treatment.

Most of fluoroprobes used in biosensors present an environment-dependent luminescent be-
havior. Therefore, attention must be given to the environment characteristics that may inter-
fere with the photophysics of fluoroprobe-analyte, such as pH dependence of the
luminescent response; self-quenching at high concentrations of fluoroprobes; susceptibility
to photo-bleaching; short excited state fluorescent lifetimes, which may confer low sensibili-
ty to salvation relaxation; small Stokes shifts, which favors self-absorption effects and unde-
sired luminescent emission shifts and short-term stability when in presence of water or in
aqueous medium [23, 24].

2.2. Fluorescent biosensors

In fluorescent biosensors, a particularly interesting characteristic that have been more and
more exploited is the effect that local interactions can cause on fluoroprobe’s electronic ex-
cited states, even when no chemical changes are included. With this respect, mechanisms of
controlling and orienting these effects are proposed and studied. For example, non-radiative
energy transfers leading to a more selective system or a more efficient luminescent response,
achieved by combining common organic fluorophores with metallic nanoparticules, metallic
complexes or with nanostructures of carbon or peptides have presented interesting results.
In our previous work, with leadership of Prof. Alves, [25] diphenylalanine peptide nano-
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tubes were physically modified with a fluoroprobe containing a polar head, 1-pyrenyl-car-
boxylic acid, and their steady-state and dynamic fluorescence responses were determined
(fig.2). Also, the mechanism of interaction between peptides to form the supramolecular
structure and their interaction with the fluorophore were studied and revealed. By computa-
tional simulations, it was shown that the nanotube formation and the fluorophore adsorp-
tion are governed by m-stacking interactions, which makes of electrostatic interactions
essential. Moreover, since the connection of nanostructured materials, especially biomateri-
als such as peptides, with solid well-structured surfaces make the manipulation of such
structures an interesting alternative for device fabrication. Although the afore mentioned
work focused on the supramolecular chemistry of nanostructure obtainment and the role of
pH conditions to ensure the right nanotube dimensions, it rose the perspective of construct-
ing an electronic device for biological recognition. Aiming at the application of this nano-
structured peptides to a biosensor construction, it is of great importance to determine
whether the interaction of the peptide nanostructure with the probable substrates can influ-
ence the optical response measured. The first step is to determine the nature of the interac-
tion between the fluorescent peptide nanotubes with Indium-Tin Oxide (ITO) electrode,
elected as a good candidate to act as anode in a future biosensor device.The modified Phe-
Phe nanotube was then deposited on ITO electrode and the time-resolved fluorescence of
this system was detailed studied.

Since the amphoteric ITO is a transparent conductive oxide of low electrical resistivity (10
to 10*Q.cm) and small bandgap (of 3.3 eV), high physical-chemical stability and good sur-
face morphology, it is widely used as electrode in a variety of devices, which includes sen-
sors. When applied to biosensors, ITO can interact with protein residues due to -OH groups

on its surface, which enables the adsorption of carboxylic and amine residues via hydrogen
bonds.

By combining the final fluorescent nanotubes with ITO electrodes, a non-radiative resonant
energy transfer (FRET) was detected between the thin layer of mixed oxide and the fluoro-
phore doping in nanotube surface. In fact, the results show that when pyrenyl-doped nano-
tubes are formed at neutral and higher pH ranges, FRET occurs, leading to a small excited-
state lifetime of pyrenyl moieties, but, at lower pH ranges, the excited states of pyrenyl
moieties are stabilized and the lifetime rises. This energy transfer process is favored, in this
case, by the strong electrostatic interaction between the charged nanotube and the charge
transporter ITO of dipole-dipole induced type. When nanotubes are formed in low pH rang-
es, the final structure presents an overall superficial positive charge, due to protonation of
carboxylic and amine groups of peptide residues and carboxylic groups of the fluorophore,
which is responsible for a less effective electrostatic interaction between combined peptide
structure and 1- pyrenyl-carboxylic acid moieties and the ITO surface. These results contri-
bution laid in terms of the supramolecular control of the structures, showing that they can
be designed and actually obtained as desired and many aspects of biosensing activity can be
exploited in the same device conception. In this example, both a fluorescent-based biosensor
for local environment monitoring and a FRET-based fluorescent biosensor can be designed,
depending only on the approach.
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Figure 2. Epifluorescence images (200 times increased) and respective fluorescence spectra of Phe-Phe nanotubes
samples obtained at of 0.07% m/m of 1-pyrenyl-carboxilic acid and at distinct pH ranges, deposited over glass and
glass covered by ITO substrates.

2.3. FRET-based fluorescent biosensors

FRET is often exploited in biosensors due to the variety of systems that can present this ef-
fect and to the quantity of sensing elements that can be employed in the biosensor construc-
tion. An example is the use of colloidal luminescent semiconductor nanocrystals, the
quantum dots (QDs), to biosensors. These fluorescent compounds are very well known as
fluorescent labels for a series of studies, in particular, for imaging of biological and non-bio-
logical systems. [26-28] Nevertheless, they also give rise to more robust biosensors, since
their unique fluorescent properties can overcome the organic-based fluorophores liabilities.

The major property that inform about the occurrence of non-radiative energy transfer proc-
ess is changes in the fluorophoreexcited state lifetimes. Due to the variety of compounds
that can have their excited state disturbed, several detection techniques can be applied, sev-
eral device architectures only dependent on the application, rather than in the detection
technique, generating biosensors with significant sensitivity and selectivity enhancement,
which can be even at the one single molecule limit. FRET is also essential to the conductive
polymers, DNA, aptamer or protein-based biosensors and all these possible architectures
make use of the interpretations of luminescent signals that reveals several mechanisms for
FRET. Indeed, FRET is a resonant process that depends on several conditions of the environ-
ment where it takes place. In a short description, this non-radiative excitation energy trans-
fer occurs always that a donor chromophore and an acceptor become close to each other and
their electronic energy levels interact, with some pre-requisites. As described by Forster [29],
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FRET is determined by a long range dipole-dipole interaction between the donor and the
acceptor and his formulations for these events are widely applied from solutions to solid
systems, which contain the chromophores of biochemical interest. As an advantage, FRET
offers an experimental approach to determine molecular distances through luminescent
spectral measurements, which correspond to the efficiency of energy transfer between a do-
nor and an acceptor located at two distinct specific sites, with separation limited to a range
of 10-80 A. Because of the sensitiveness of this technique corresponds to the inverse sixth
power dependence of the transfer efficiency to the donor-acceptor distance (equation 1),
FRET is assumed to consist of a sensitive technique for detection of global structural altera-
tions. Forster formalism assumes that donor and acceptor are stationary in the timescale of
their electronic excited-states lifetimes and, as a consequence, the donor-acceptor separation
is static, giving a single distance between them. Nevertheless, the dynamic nature of large
systems such as proteins and polymers cannot be ignored and the distances between them
are expressed as a distribution. Forster mechanism involves an inductive resonance transfer
in which the excitation process creates an electric field around the donor, due its charge
transport. As a second oscillator, the acceptor, come closer to the donor, it inductively oscil-
ates and, if it occurs with the adequate frequency, the energy of the donor is transferred to
the acceptor. The energy transfer is maximum when both oscillators are similar. To observe
this phenomenon, it is necessary that electronic transitions of both donor and acceptor are
permitted and then, that coulombic interactions, such as dipole-dipole, which are distance
dependent by a factor of R, occur. This leads to a probability of occurrence of FRET propor-
tional to R*. Forster predicts that the energy transfer occurs if there is a coupling between
transitions and radiation field, at a rate constant (kp,) given by:

k. 9000k 710 Fpealv) )
DA™ 128751 4NATDAT6 v v

In which k* describes donor-acceptor dipole relative orientation; N, is the Avogadro Con-
stant; Fj, stands for the donor corrected fluorescence intensity; ¢, is the acceptor molar ex-
tinction coefficient; 7,, is the donor fluorescence lifetime; r is the distance between donor
and acceptor; 1, the refractive index and v the wavenumber.

When the probability of FRET occurrence is 50%, the distance in which it takes place is a
reference distance, called Forster Distance (R,), defined as the distance in which the FRET
rate Ky, is equivalent to the fluorescence rate of the donor in the absence of the acceptor T,
They are related by:

kDA:%(§)6 2)

When R =R, Ky, = 1/1p
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2.4. DNA - based fluorescent biosensors

Despite specific requirements of the systems of interest, these assumptions can be applied to
any measurements that can identify the energies of the electronic transitions involved and
the excited states lifetimes. In DNA-based biosensors, high sensitivity detection and real
time information are crucial. In their work, Liu and Bazan [30] proposed homogeneous bio-
sensor assays, which were based on the detection of distinct luminescent responses of a wa-
ter-soluble conjugated polymer and took advantage of its characteristic of self-assemble to
improve the biosensor capability over those employing small molecules. In this biosensor,
the interaction between the oligonucleotide hybridized with a cationic polythiophene and a
single-stranded DNA or a double-stranded DNA in the presence of cationic poly(fluorene-
co-phenylene) leads to conformational changes on polymer backbone and to changes in the
fluorescent response, as the cationic poly(fluorene-co-phenylene) acts as donor in the fluo-
rescence energy-transfer assay and, hence, to a signal amplification(fig.3). In the presence of
the single-stranded DNA, the positively charged polymer interacts with it, but without ener-
gy transfer and only emission from the poly(fluorene-co-phenylene) is detected. When inter-
acting with the double-stranded DNA, emission from the poly(fluorene-co-phenylene)
decreases and emission from the hybridized oligonucleotide is observed. The signal trans-
duction is then controlled by specific electrostatic interactions.

Single-strand=d DNA Coub e-stranded DNA

)
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Figure 3. Scheme of the transduction mechanism on Liu’s conductive polymer FRET-based biosensor for DNA detec-
tion. Reprinted (adapted) with permission from [30]. Copyright (2004) American Chemical Society.

The approach of employing oligonucleotides in the transduction process of biosensors has
become very attractive and popular in such a way that a new class of biosensor has arose:
the aptamer-based ones.

2.5. Aptamer-based biosensors

Although most of the aptamer-based biosensor utilizes optical methods for detection, it is
not exclusive. In fact, they consist of a versatile tool for biosensors, since they behave as effi-
ciently as antibodies, selectively interact with the target and consist of innovative ap-
proaches for biosensor construction. There are numbers of aptamers that can be selected
from the Systematic Evolution of Ligands by Exponential (SELEX) enrichment, which con-
sists of an in vitro iterative process of adsorption, recovery and re-amplification of single-
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stranded DNA combinatorial lists. This routine of select an aptamer is necessary due to the
specificity of their interactions and the variety of biosensors that can be proposed.

In a recent work, Yildirim et al. [31] showed an environmental application for aptamer-
based optical biosensors. In their approach, B-estradiol 6-(O-carboxy-methyl)oxime-BSA
was covalently immobilized on an optical fiber surface to develop an aptamer-based biosen-
sor for rapid, sensitive and highly selective detection of 17(3-estradiol, a endocrine disrupt-
ing compound that is a common water pollutant. In an indirect competitive detection
approach, samples of 17B-estradiol were premixed with a fluorescence-labeled DNA aptam-
er. In the sensor surface, a higher concentration of 173-estradiol led to a less intense fluores-
cence of the labeled aptamer, by creating a dose-response curve of 17(3-estradiol, with a
detection limit as low as 0.6 ng mL".

2.6. Quantum dots-based fluorescent biosensors

Some of the quantum dot’s photophysical properties overcome by several orders of magni-
tude those of common fluorophores. For example, they present very broad absorption spec-
tra, from UV region towards blue-visible region, corresponding to a large wavelength range;
their molar extinction coefficients are of hundred times larger than those of small organic
fluorophores and can reach values of several millions. [32] Also, they present the ability of
tuning their photoluminescence as a function of the core size, which turn possible assign a
determined quantum dot for an application.[33, 34] This possibility becomes a great advant-
age of quantum dots in comparison to organic luminescent polymers, which cannot have
their behavior well predicted only by their chain size: it is important to know their solubility
and the interaction forces that act in a given system, since their final photophysical proper-
ties are intimately related to their chain conformation and, so, to inter and intrachain energy
transfer processes.

Regarding to the photoluminescent properties of quantum dots, their tunable fluorescence
combined to the very broad absorption lead to a large effective stokes shifts and to the prob-
ability of an efficient excitation of a mixed population of quantum dots, at a single wave-
length, several nanometers delocalized from their fluorescent maximum. The characteristics
of size-tunable luminescence and of broad absorption spectra make of quantum dots suita-
ble for multi-color (or, as usually called multiplexed) immunoassays. Their photostability
and sensitivity also make them good options for a number of imunoassays, especially be-
cause they provide flexibility to the analytical techniques [35, 36].

In Pinwattana et al. [37] work, quantum dots were conjugated to a secondary anti-phospho-
serine antibody in a heterogeneous sandwich immunoassay, acting as labels and generated
amplified electrochemical signals, analyzed by square-wave voltammetry, which is not an
optical technique, but it demonstrates the amplitude of analytical methods that the choice of
quantum dots as actives in biosensors permit. Their experiments consisted of the addition of
the model phosphorylated protein, bovine serum albumin, to a primary bovine serum albu-
nmin antibody-coated polystyrene microwells, followed by the addition of a quantum dot
labeled anti-phosphoserine antibody. This quantum dot label was then removed by acid at-
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tack and the free label was detected, leading to current responses that were proportional to
the concentration of the phosphorylated bovine serum albumin.

Since quantum dots are usually obtained from organometallic precursors, they are poorly
water-soluble and this is, in some cases, an issue to biosensing, since it seems improbable
that, in these conditions, a quantum dot will interact with a biosystem. Nevertheless, there
are several methods available to efficiently exchange or functionalize their native organic li-
gands with a desired ligand that can better both solubility and bioconjugation potential, by
either chemical or physical processes. One of the most common modifications is to attach a
biomolecule to a functional group on the quantum dot surface, which can be amines, carbox-
yls or even thiols. In this matter, amines andcarboxyls can be easily modified by 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide, a common reactant. Thiol groups are usual sites for
maleimide.

The quantum dot surface modification can also be conducted by direct interaction with the
biomolecule. In this case, interaction forces balance may govern the stability and the yield of
the modified quantum dot. Examples are metal-affinity between polyhistidine appended
proteins and Zinc atoms present on quantum dot’s structure, which leads to coordination of
the biomolecule to the metallic center [38, 39] or dipole interactions between thiol groups of
cysteine residues with sulfur atoms present in the surface.[40, 41] These modifications can
transform quantum dots into efficient elements to immunoassays applications. Examples
were presented by Puchades et al. In their review, [42] they showed that by electing a quan-
tum dot, taking into account its size and by coating it with a variety of substances, from anti-
bodies to silica, the quantum dot can by assigned to a specific immunoassay. For example,
immunoassays which employ fluorescence spectroscopy as analytical technique had used
distinct quantum dots as labels, such as quantum dots conjugated to antibodies, covered by
biotin or bare quantum dots, while lanthanide-quantum dots were assigned to time-re-
solved fluorescence experiments and streptavidin-modified quantum dots were used in ei-
ther in fluorescent or chemiluminescent experiments.

Such a variety of methods to adapt the inorganic nanoparticles to immunoassays leads to an-
other classification, with respect to the exploited mechanism. In this sense, immunoassays are
classified as non-competitive or sandwich assays, when involving an analytical path in which the
antigen in the sample is bound to the antibody site and a second labeled antibody is bound to
the antigen, resulting in a response that is directly proportional to the concentration of the ana-
lyte; and as competitive immunoassays, when involving the competition of the antigen in the
sample and the labeled antigen to bind to specific antibodies, resulting in a response that is in-
versely related to concentration. In a brief comparison, direct assays are faster, once they em-
ploy only one antibody, eliminating the secondary antibody cross-reactivity. In contrast,
indirect immunoassays are much more sensitive.

As a competitive immunoassay example, Ding et al. [43] coated a microtiter platewith
ovalbumin haptenand observed the decrease of the fluorescenceat higheranalyte concen-
trations. This indirect immunoassay was used to determine sulfamethazine residuesin
chicken-muscle tissues with alimit of detection of 1 ng/mL for the immunoassay. Compet-
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itive assays also contemplate those using fluorescent probes as internal standards, such as
quantitative assays.

As an example of non-competitive detection strategies is the new indirect immunoassay pro-
posed by Li et al., [44] in which quantum dot fluorescent labels were combined to enzyma-
ticchemiluminescentlabels. This system was used to simultaneously detect three cancer
markers in human serum and thelimits of detection were the same for all markers, in the
ng/mL range. Seeking for a new strategy that to be applied to the construction of a biosensor
for most distinct application, they coupled the quantum dot to other two chemiluminescent
enzymes, creating a hybrid multiplexed detection system for lung cancer.

2.6.1. The Surface Enhanced Resonance-Raman Scattering applied to quantum dots biosensors

It is noteworthy that quantum dots can be applied to surface-enhanced resonance Raman
scattering (SERS) measurements as a powerfultool for ultrasensitive analysis, since unlike
fluorescence techniques, SERS-active groups do not self-quench. An example is Han et al.
work, [45] where fluorescein was used as Raman probe for a microtiter plate covered by an-
tigen (human IgG) samples of unknown concentration. In their experiments, a solution of
fluorescein-conjugated antibody was added to the sample and fluorescein SERS spectrum
was recorded with a limit of detection of 0.2 ng mL™ in a several-days stable device.

2.7. Labeled and labeled-free optical biosensors

Among optical biosensors that can be constructed based on this spectroscopic technique,
there are those classified as labeled-fluorescent biosensor, as the above mentioned examples,
but there is also a evolving rinsing class of optical label-free biosensors [46]. The most cru-
cial distinction between these techniques is that label-free biosensors can directly evaluate
the properties of the system, instead of the fluorescent response of a labeled material to the
effect of its local environment. In their review, Fan et al. [46] make a clear distinction be-
tween labeled and label-free optical biosensors, with respect to techniques of detection, sam-
ple preparation, sensibility and versatility. They mentioned that although there are some
great differences between fluorescence-based and label-free detection techniques, both are
widely used in optical sensors construction.These distinct characteristics of the label-free de-
vices make of these optical biosensors the most versatile among all types of sensing technol-
ogies that are only able of label-free detection, as in the case of surface acoustic wave and
quartz crystal microbalance technologies. It also discusses Raman, refractive index and ab-
sorbance as detection methods. These approaches enable the optical detection to be yet more
versatile, enabling the construction of a series of other biosensors, only by specifying even
more de detection technique. It is not unusual that an optical label-free biosensor mixes
more optical structures to enhance its sensing performance. For example, among the refrac-
tive index optical biosensors, they can be:

* Surface plasmon resonance

The first work that employed the plasmon resonance phenomenon to sensing was devel-
oped by Liedberg et al. in 1983.[47] Since then, this remarkable technique has been widely
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employed in many biochemical and biotechnological fields and greatly developed. Several
types of biorecognition elements are currently used, depending on the application. This
technique is so versatile that have been employed in a wide range of processes, including
food and environmental monitoring and clinical analyses.

In simple words, surface plasmon is a charge density wave over a metallic surface. In the
case that a thin layer of a metal is deposited on glass, there must be distinct dielectric con-
stants on both faces of the film: the one in contact with glass surface and the other in contact
with air. Then, a charge density oscillation occurs at these interfaces, leading to the phenom-
enon occurrence. It is observed as a sharp minimum of the light reflectance when the inci-
dent angle is changed, leading to a very important sensitivity to refractive indexes
variations. These systems can be excited by some methods, as the waveguide coupling,
where a dielectric and a metal are positioned over the substrate, generating a waveguiding
layer, which creates an interface between metal and the waveguide. Light, therefore, propa-
gates in this waveguide through totalinternal reflection, giving rise to an evanescent field at
the interface, which excites the surface plasmon wave. [48, 49] Although this is a very popu-
lar technique, there are other methods to excite the surface plasmon wave that can lead to
better detection limits, such as prism coupling. Nevertheless, waveguide coupling consists
of an alternative due to easily combine to other optical components.

Some advances of these techniques had been presented in the last few years. In their work,
Sacarano et al.[50] presented the SPR imaging technique, or “SPR microscopy” as the “most
attractive and powerful advancement of SPR-based optical detection”, which presents the
advantage of coupling the sensitivity of the SPR measurements with the spatial capabilities
of imaging. In this approach, the entire biochip surface is visualizedin real time, which, as a
perspective, might enable experiments based on the continuous monitoring of immobilized
spot arrays, with controlled size and shape and with no need of labeling.

* Interferometry:

Based on the interferometry technique of improving analytical signals, some types of inter-
ferometer-based biosensors were developed, such as Mach-Zehnder, Young’s multi-channel
and Hartman, among the most commonly used. They are based on the concept that a guided
wave suffers a phase change when its evanescent field interacts with the sample. This inter-
action produces an optical phase change that is quantitatively related to the sample. In these
constructions, a sensitive biosensor must present a long interaction length between guided
wave and sample. Although many are the interferometric components that can be employed
in a biosensor construction, these are by far the most commonly found:

* Mach-Zehnder interferometer:

It is composed of beam splitter that divides a coherent, polarized single frequency of a laser
beam into two branches. The first one is passed through a window that leads to the refer-
ence branch of the interferometer. The second one passes through the detection branch win-
dow, in which the evanescent field interacts with the sample. Both beams are kept apart by a
thick coating layer. They recombine at the output, resulting in an interference pattern that is
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detected at the photodetector. This type of interferometer gives rise to excellent bulk refrac-
tive index detection capability, but until now, there had not been much development of de-
vices based on this interferometer.

* Young's interferometer:

Similar to Mach-Zehnder interferometer, this is also based on the passage of a laser beam
into a slit, reaching a splitter. The laser beam is divided into reference and sensing branches,
but instead of recombining at the output, the optical output of the two branches combine to
form interference fringes on a CCD detector. This improves the signal, giving information
about spatial intensity distribution along the CCD.

e Hartman interferometer:

In this configuration, optical elements are placed over a planar waveguide, organized in
strips. A laser beam enters the device by an input grating, reaching the optical elements
composed of functionalized molecules and leaving the device by the output grating. [51] In-
tegrated optics is positioned after the output, creating interference between pairs of func-
tionalized strips.

* Backscattering interferometer:

The most common backscattering interferometers employ in their construction a simple op-
tical arrangement composed of a coherent light source (ususally a low-power He-Ne or red-
diode laser), a microfluidic path, and, of course, a phototransducer. The backscattering
interferometry technique presents some advantages when compared to the above men-
tioned techniques. Since it is based on microfluidic concepts, it shows comparable perform-
ance as former interferometers, but using a much smaller sensing area,which permits a wide
range of configuration. In this approach, the coherent laser beam is focused on a small sens-
ing area, the interaction of the laser beam with the fluid-filled microchannelleads toan inter-
ference pattern that is registered in the photodetector, which is sensible to the laser reflected
intensity. When a biological sample is placed over the illuminated surface, a laser of distinct
intensity is detected due to a phase change caused by the light reflection over this surface.

* Photonic Technologies

The photonic technology has been object of many research fields and of a very rapid im-
provement, compared to other technologies. In this sense, there are many methods to em-
ploy photonicprinciples, and a wide range of scientific and technological issues to apply it,
resulting in several equipment proposals. The broad range of applications of photonic devi-
ces permits to glimpse the importance of this emerging field. It is possible to incorporate dif-
ferent types of lasers, dielectric waveguide structures and photodetectors in a variety of
possible equipments, that enables the perspective of explore from ultraviolet to far infrared,
extending the fundamental research approach and the application possibilities, that can ex-
plain why photonics application, in other potential technologies, has grown in such impres-
sive way.
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In the biosensor perspective, many materials and concepts of application have been devel-
oped and a wide range of the proposed devices employ optical fiber and waveguides, as
well as photonic crystals. Here some characteristics of such devices are pointed.

* Optical fiber

The two basic concepts of optical fiber based biosensors are the Fiber Bragg’s grating and the
long-term grating. They differ from each other not in principle, but in construction. While the
fiber Bragg’s grating concept requires the etching of the fiber (or grating) surface, followed
by the physical pattern of the surface, the long-term grating is a configuration based on peri-
odic grating of 100 pm to 1 mm, which make them much larger than the common Fiber
Bragg’s gratings and confer them the advantage of an increased sensing to refractive index
changes. Moreover, they are easier to build and can be customized by chemically removal of
the coating. Either fiber Bragg’s or long term grating designs can lead to very high refractive
index sensitivity and low detection limits, which consist of the most desired characteristics
of promising biosensors.

* Optical waveguide

This elegant technique has been applied for biosensing in the last decade with a considera-
ble success. Due to that, many structures of construction had been proposed usually direct-
ed by the analyte of interest. In this concept, some popular structures are:

* Resonant mirror, in which a low refractive index spacer composed of a metal or a dielectric
layer, is sandwiched between a high refractive index substrate, usually a prism from
where light reaches the biosensor and is refracted, and a high refractive index waveguide
layer. There, the incident light at the resonant angle is coupled into the high-index wave-
guide layer and has a strong reflection at the output side of the system. Then, it is con-
ducted through the waveguide, creating the evanescent field that leaves the waveguide.
This approach turns the resonant angle sensitive to any change of refractive index and the
signal is produced.

* Metal coat waveguide, which differs from the former structure by employing a low refrac-
tive index waveguide layer, separated from the high refractive index substrate by a metal
layer. In this configuration, light is guided through the low refractive index and the light
intensity is increased by the metal spacer, leading to an increased light-sample interaction
and, therefore, to an increased sensitivity.

* Optical ring resonator

In this configuration, light suffers a total internal reflection in the boundaries of a curved
interface between a high and a low refractive media. This process leads light to propa-
gate in the circulating waveguide form or in the whispering gallery modes, as illustrated
by Fan and cited by some other works therein.[46]Devices based on this technique can be
constructed in a much smaller scale than those based on the former techniques with simi-
lar sensing capability, which is their great advantage. They can be constructed in a num-
ber of configurations, in which the microfabricated ring shaped, disk shaped or
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microtoroid shaped resonators on a chip, the stand-alone dielectric microspheres and the
so called capillary-based opto-fluidic ring resonators are the most common examples. The
chip-based ring resonators present some advantages which include the capability of opto-
electronic integration, but, apart from the microtoroid configuration, they usually present
problems of low quality factors (Q-factor), which are designated as all intrinsic and extrin-
sic losses occurred in the optical resonant cavity system [52] and in this case, these prob-
lems are related to their surface roughness. These types of ring resonators are very well
presented and discussed in Fan's review. [46]

* Photonic crystal

This class of biosensors is, in fact, an evolution of the optical fiber based ones. They are
formed by photonic crystal microcavities, obtained by introducing a defect in periodically
organized microstructured holes, usually of silica, by altering their dimensions. Some can be
embedded with molecules, which are responsible for the occurrence of a change in the re-
fractive index of the biosensor, leading to a detectable signal in the form of a spectral shift of
the resonant wavelength of the photonic crystal cavity. Also, polymers can be used as a coat-
ing layer for the photonic crystal cavities, as showed by Chakravarty et al., [53] which doped
the photonic crystal microcavities with a quantum dot and coated it with anion-selective
polymer. With this procedure, they were able to construct a sensor with good properties,
such as a very specific and accurate detection for changes of perchlorate anions and calcium
cations at submicro concentrations in solution, while Lee et al. [54] presented a photonic
crystal suitable for protein and single particle detection. In their experimental and theoreti-
cal work, they claimed their device achieved a sensing volume of 0.15 um?, and that it pre-
sented a limit of detection as small as 1 fg. They also determined its performance for
particles in the size range of a variety of viruses, using latex spheres as models.

In a recent work, Aroua et al.[55] have studied, also by experimental and theoretical means,
a label-free biosensor in order to determine it characteristics, the field intensity and the reso-
nant wavelength shift when the nanocavities of the photonic crystal are filled with blood
plasma, water or dried air. With this protocol, they showed that the enhancement on sensi-
tivity is related to the photonic crystal design parameters.

2.8. Carbon nanotubes and graphene-based biosensors

Some new materials had also found a great deal of applications, especially in biosensing, such
as carbon nanotubes and lately, graphene. As for single-walled carbon nanotubes, (SWNTs),
they are known to exhibit unique intrinsic properties, which include a semiconductive behav-
ior and photophysical propertiesdependent of their structure. For example, nanotubes with
some chirality, band gap fluorescence is observed, as well as strong resonance Raman scatter-
ing.In this way, hybrid materials of SWCNTs and biomolecules is a way to obtain good materi-
als for biosensing applications, since the fluorescence band-gap of SWNTs is highly sensitive
toits environment and show shifts when the nanotube is in contact with other molecules.

In their work, Jin et al. [56] proposed the construction of a platform for selectively deter-
mine the hydrogen peroxide efflux from living cells, in order to biosensing human carci-
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noma, in an array of fluorescent single-walled carbon nanotubes. In this biosensor, the
carbon nanotubes have their fluorescence quenched when H,O, is liberated by A431 hu-
man epidermal carcinoma cells, in response to the epidermal growth factor. They show
that this array is able to distinguish between peroxides originated on the cell membrane
from other contributions.

Also to show the versatility of carbon nanotubes, Chen et al. [57]presented a sensitive meth-
od for multiplexed protein detection by using functionalized single-walled carbon nano-
tubes (SWNTs) as multicolor Raman labels. They claim that this method is a good
alternative for standard fluorescence-based techniques since, unlike fluorescence, Raman de-
tection benefits from the sharp scattering peaks of SWNTs with minimal background inter-
ference. Also, it can be combined to surface-enhanced Raman scattering substrates, allowing
protein detection sensitivity down to 1 x 10°Mol L, which is three orders of magnitude mi-
nor then the detection limit of fluorescence-based methods. They used these modified
SWNT to Raman detection of human autoantibodies against proteinase 3, a biomarker for
the Wegener's granulomatosisautoimmune disease, and by conjugating different antibodies
to pure (12)C and (13)C SWNT isotopes, they had demonstrated the multicolor Raman pro-
tein detection.

In their work,Morales-Narvaéz and Merkoci[58] took advantage of graphene’sinnovative
mechanical, structural (several graphenes present lattice-like nanostructures), electrical,
thermal and opticalproperties. They employed graphene oxide (GO) as a biosensing plat-
form due to its ability of nanoassemble in wire form when in presence of biomolecules, its
processability in solution and due to its heterogeneous chemical and electronic structure,
which confers to GO the ability to be used as insulator, semiconductor or semi-metal. Also,
they presented graphene oxide as a universal highly efficient long-range quencher, with the
perspective of been applied to several novel biosensing strategies.

Phan and Viet also worked on testing graphene application on biosensors by replacing car-
bon nanotubes for graphene ribbons in biosensors,[59] which were able to sense the transi-
tion of DNA secondary structure from the native right-handed form to the alternate left-
handed form.

Although studies ongraphene’s propertiesare still preliminary, it is thought as a promising
platform for biosensing. In their review, Yang et al. [60] discuss all aspects of functionality,
performance, properties, fabrication, handling and challenges of these carbon-based materi-
als as part of biosensors. Ina critical analysis, they present the great opportunities yet to
come with the use of these materials and point us what is necessary to have in mind when
proposing a new architecture for biosensors and new materials to be employed. Neverthe-
less, graphene application on bioelectronics is still controversial.

3. Construction basics

The devices architectures that have been found in the literature and in the market are as nu-
merous as the applications that they find. As well resumed by Reardon et al., [61] optical
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sensing opens a wide range of methodologies that can be based in either one of the electro-
magnetic wave parameters analysis, as their phase, polarization and amplitude. Analysis
and detection methods applied to the amplitude parameters are the most common, due to
the direct information that they can give about the system and due to the possibility of cou-
pling this information to those obtained by polarized systems or phase optics.

There are no limits to explore regarding to optical properties or to instrumentation to be ap-
plied, alone or combined. Nevertheless, the most common optical approach is to promote
the interaction of the analyte with light to produce light as response. Conventional methods
permit the detection of absorption, reflection or scattering of light, through which it is possi-
ble to infer about the interaction between light and the analyte through signal changes.

Most elegant methods employ the detection (and promotion) of emitted light from the ana-
lyte, which in general relies on larger wavelengths that those used to illuminate the sample.
The wavelength shift can be caused by either nonlinear interaction processes between light
and analyte, as harmonic or inharmonic oscillations, such as vibrational modes that give rise
to Raman shifts or by the electronic excitation of a system that result in the loss of a portion
of the excitation energy as photons through luminescent phenomena that occur at shifted
wavelength range. These luminescent processes include fluorescence and phosphorescence,
which differ from each other with respect to the quantum levels involved in each electronic
transition and that are affected by the interaction with the environment and, consequently,
to analyte concentration.

There are diverse new methods of optical detection involving combined techniques to deliv-
er real-time imaging of the sample. In this sense, fluorescence or Raman confocal microscop-
ies are coupled to time-resolved fluorescence or to Raman spectrophotometers and images
obtained can be evaluated in terms of concentration, energetic processes, charge transfers
and localized events.Once detection methods and finality of the biosensor are defined, the
size scale must be determined and, then, convenient materials for the construction of the bi-
osensor must be selected and tested.

With respect to materials, it is important to consider environmental, economical and sustain-
able issues when choosing the ideal material combination for a biosensor. It is important to
elect safe and ease of processing materials that can lead to a cheap method of fabrication
and, in addition, can be recycled. Also, it needs to be chemically stable and permits a good
selectivity and sensibility to the biosensor. Thus, the functional nanostructures can be com-
posed of metals, semiconductors, magnetic materials, quantum dots, molecular or polymeric
dyes and some hybrid materials, proposed to achieve any specific property that is an issue
in other materials. [62]

Electrodes must be also adequately elected, with respect to work function as well as to proc-
essing. Usually, gold surface is preferred due to its possibility of modification with sulfur
containing biological elements, such as SH-protein and antibodies, but also due to its optical
and low potential properties, which enables refractive index measurements by several tech-
niques, as mentioned in previous sections. Nevertheless, there are some alternative electro-
des, such as metal-modified carbon electrodes, as those described by Wang et al. in which
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carbon electrodes were modified with rhodium [63], ruthenium [64] and platinum [65] to
achieve lower potentials. More recently, some works presented Indium Tin Oxide thin lay-
ers as alternative electrodes for optoelectrical biosensors, with transmittance similar to the
glass substrate. In their work, Choi et al. [66] showed that a 100 nm thick ITO layer as elec-
trode permits simultaneous optoelectric measurements to record optical images and micro-
impedance to examine time-dependent cellular growth.

Transduction methods are responsible for the identity of the biosensor and, thus for address
their applicability. Since the first step on the optical transduction in a biosensor is the chemi-
cal interaction between the analyte and the indicator phase (the recognition element) that
will produce the optically detectable signal, it is critical because it will determine the biosen-
sor stability, selectivity and sensitivity as well as the optical region in which the effect will
be observed and the best detection means. Also, it is important to take into account whatev-
er the biosensor will be used in continuous measurements or in simple detection. It will in-
form if strong interactions will be needed and in what conditions the biosensor can be
employed. If chemical reactions are the signal origin, such it is in catalysis-based biosensors,
an immobilized enzyme is preferred, once it can permits steady-state measurements to ex-
plore the sample. In this case, high selectivity can be achieved using antibodies as reagents
and basing sensing on competitive binding. Also, methods to immobilize the recognition el-
ement include adsorption on solid substrates, covalent bonding to a substrate and confine-
ment by membranes with selective permeability. [67]

In optical fiber-based biosensors, immobilized recognition elements are also needed, as well
as the optical fiber to enable remote measurements. The immobilization technique and the
reagent must be well selected to avoid undesired effects such attenuation on fiber’s trans-
mission efficiency, coupling of light into the fiber and attenuation characteristics of the fiber
itself. Nevertheless, this is a good choice for transduction since it enables a range of photo-
physical processes to be detected, including light absorption, absorption followed by lumi-
nescence, light reflection and scattering, among others. Optical instrumentation is then
selected, based on the most important photophysical effect. [68]

Finally, when proposing a biosensor, it is always good to make two considerations: first,
nanoscaled materials are not really small to living bodies, they can be sensed as intruder-
sand be attacked and second, biosensors, in some way, will be employed in a living body.
Issues related to toxicity, lifetime, stability, durability, mechanical properties, body adjust-
ment, coherence and adaptability must be evaluated by a scientific and systematic method.
It is not unusual to find information that was mistakenly collected, and conflicting results
can be found on the same subject, leading to confusion. For example, carbon nanotubes are
said to be health safe, nevertheless it is known that their structure is very similar to that of
asbestos, great villain to miner’s lungs. Actually, aspired nanosize fibers of asbestos are rec-
ognized by the lung cells as an aggressive agent, which can cause lung cancer, pleural disor-
ders, pleural plaques, pleural thickening, and pleural effusions. Another aspect is that
asbestos present some properties such as electricity insulate and is a chemically resistant
material and it is quickly incorporated in many materials.
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4. Applications of biosensors

Biosensors find various applications, limited only by the creator’s imagination. Since they
can be constructed on unlimited configurations, based on the most diverse detection and
recognition methods, employing a whole world of polymeric materials, biological elements,
luminescent organic and inorganic molecules, in film form or solution, their application can
be as numerous as the elements combinations on their construction.Some of them can be
numbered:

* Medicine development: for example, cellular biosensors are engineered to optically report
specific biological activity. Since they employ living cells in their construction, they can be
used to form a “data basis”of cell behaviour when in the presence of several actives,
which can be used for design new drugs and medicines.

* Drug Abuse or addiction: detection (and quantification) at nanoscale are possible due to
the recent biosensors development. This feature is essential in the determination of the
limits at which a person can be susceptible to addiction reactions. In this way, biosensor
can limit whether a drug can be used in therapeutics, avoiding the addiction. Further-
more, DNA biosensors act as potential detection devices for investigation of DNA-drug
interactions, which can be used to elucidate the addiction mechanisms.

* Clinical diagnostics: this must be the most moving topic for the biosensors development.
They are capable of detecting single-nucleotide polymorphisms, which are caused by
gene mutations. Faster detection methods are developed every day, aiming the early de-
tection of breast cancer, prostate cancer, AIDS, genetic diseases, bacterial and viral infec-
tions. Although clinically relevant point mutations are detected by piezoelectrical
biosensors, optical biosensors also had a large contribution, especially the FRET-based bi-
osensors, which are able to identify minor changes related to these mutations and permit
the construction of nanodevices, a feature that has been attractive due to the possibilities
offered by the nanoscaled biosensors perspective.

* Genome analysis: biosensors are able to inform about the interaction nature between pro-
teins, peptides and DNA sequences present in the gene and identify it.They can also be
used in genetic-engineered products proposaland in newdrugs development.

* Food Quality control: Toxins, microbes, bacteria, fungal contamination are all detectable
by optical biosensors, as presented in former sections. In this way, they provide a mecha-
nism of controlling the quality of food and industrial processes involved, contributing
with the industrial development of preventing processes. Biosensors are also useful in
monitoring fermentation processes, being applied on the food and beverage fabrication
processes.

* Industrial microbiology monitoring: these analyses are indispensible in cosmetic and
pharmaceutical industries, among others. By using biosensors, they can be accomplished
in real time, avoiding product contamination and possible destruction.
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* Good fabrication practices: nanobiosensors in the strategic steps of a product fabrication are
able to detect minimum defects that could lead to the final product mischaracterization.

* Environmental safety: within this focus, biosensors can be useful for determining the type
and concentration of contaminants present in an environment in which non specific stud-
ies or determinations had been previously made. Also, they find application on monitor-
ing aspects changes of the considered environment and, in this case, the objective is to
track the concentration of known contaminants over time at one or more defined loca-
tions. Employing biosensors to do this task, confers them one more important advantage,
which consists of using their ability to provide continuous measurements of the environ-
ment, enabling for instance, the full characterization of contaminated sites. The environ-
mental monitoring can be extended to systems such soil, water sources, such as ground
water wells, rivers, lakes, and can be extrapolated to industrial factories on monitoring
water treatment stations. [61]

* Agriculture and cattle monitoring: biosensors can be used to monitor the cattle, in a way
to protect it from mad cow disease or foot and mouth disease (FMD) guarantying the
quality of the meat, as well as fungal contamination of vegetables, enabling prevention
and the health growth of the plants. Also, it enables the correct application of pesticides
and fertilizers, at controlled amounts per field size, by recognizing the effect of quantities
of these compounds in different types of soil, places with distinct sun, rain or wind expo-
sure, natural factors that cause a variation in the concentration limits or bring about new
compounds to the site. In this approach, in situ biosensors would provide feedback to
farmers on how to maintain their culture healthy.

* Military defense: hazards biomolecules, such as salmonella, anthrax, the HIN1 influenza
virus, in the military defense point of view can represent a threat, since they can be con-
sidered powerful weapons in terrorists hands. The Salmonella bacteria fiber optic biosen-
sor, developed by Zhou et al. [69] in the late nineties, for example, is able to detect this
pathogen in food and water, with a sensitivity as low as 10* cell colony forming unit/ml.

* Microfluidic sensing and implantable biosensors: microfluidic technique is based on the
fact that all biological molecular reaction takes place in liquid environments. The micro-
fluidic channels work as a guide for fluids and biofluids carrying the target or the sample
to be tested by the biosensor. The microfluidic technique provides a controlled flow of
quantities of fluids, in microscale, containing desired compounds. As they intend to pro-
vide information on biological living systems, they usually employ as fluidic carriers buf-
fers, aqueous suspensions of analytes (proteins or antibodies), bacterial cell suspensions,
and even whole blood samples. Microfluidic devices and implantable biosensors fabrica-
tion are intimately related by the fact that both need to be fabricated using biocompatible
materials. Many are the options to achieve the biocompatibility suggested and usually
choices are between mimetic or inert materials. The most common inert materials em-
ployed are polydimethysyloxane, thin laminated plastic components made of polyimide
or poly methylmethacrylate and conductive electroactive polymers combined with hydro-
gels. These are interesting due to the fact that they give rise to a class of multifunctional,
bioactive polymers which are proposed aiming several biotechnological applications. As
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showed by Guiseppi-Elie, [70] when polymers such as polypyrrole and polyaniline are
combined to hydrogels, they generate bioactive polymers that act as bioreceptor hosting
membranes of enzyme-based implantable biosensors.

* Aging research: optical biosensors based in fluorescence and bioluminescence emissions are
proposed as devices for monitoring certain hormones dosage in the living body, as well as
the release and the action of drugs administrated via dietary paths in these hormone levels.
[71] The proposal is that an implantable biosensor could, in periods of days or even in the
lifespan of an individual, inform about hormone fluctuations and valuable insights into the
mode of action of the intervention could result from this monitoring. It is well known that in
dietary restriction and other interventions, hormones such as insulin show profound
changes. To be able to continuously monitor blood levels of these hormones, drugs or other
factors by less invasive methods, could allow, for example, the adjustment of the hormone
levels, retarding aging processes and preventing aging diseases.

5. Insights into the future

The first insight that is important to consider must be whether there are or not advantag-
es in developing such a variety of biosensors prior to conventional detection systems. The
most important advantage that one can think of refers to quick and in vivo early detec-
tion of severe conditions, which will lead to mature diagnostics at the earlier stages of
diseases that today are challenging.With that and searching for utilizing all information
on materials and techniques earned from scientific issues of other natures, such as utiliz-
ing the supramolecular chemistry to design new materials and coupled methods of detec-
tion that confer richer and reliable information, biosensor development contributed to the
development of a number of research fields with some common interests. For example,
more accurate information on microfluidic electronics to build sensors; new organic, hy-
brid and inorganic materials with interesting physical, chemical and morphological prop-
erties needed to be proposed; better methods to prepare homogeneous and thin films;
new supports and electrodes are constantly demanded; new techniques for characteriza-
tion and properties evaluation, which ask for improvements and new approaches to ex-
ploit all features of biosensors; new methods of modification and immobilization of
biological elements, to cite some of these contributions.

Now, even greater perspectives are lying in the biosensor’s development into the nano-
technology approach. It had been demonstrated that the use of nanobiosensors can pro-
vide several advantages not yet considered for conventional systems. They can be built
under the nanoscale limit, they need to use similar materials to those used in the large
scale devices, but in much smaller sizes. We know for sure that nanoscaled materials pro-
vide quite distinct properties, which could generate distinct biosensors, maybe even more
sensitive and selective biosensors. For example, metallic nanoparticles have their bandgap
energies widen at nanoscale, which turns to be a very important optical effect, since it
generates a quantum confinement expressed by the observed spectral blue-shifts; magnet-
ic materials show super magnetic behavior at nanoscale [72, 73, 74] other semiconducting
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nanoparticles present tunneling and Coulomb blockade effects [62]and all these impres-
sive properties are not observed for the same thick materials. Some properties are clearly
added to the biosensors processed at nanoscale, along with some thought advantages. The
first ones that come directly to our minds are the possibility of using a reduced amount
of materials in the device construction; reduced power is needed to make biosensors to
work and, with it, they can be thought as portable, once they do not require a power
source ratter then a small battery; they can be more stable with time; easier to recycle or
dispose and, of course, since in nanoscale, we are leading with some new properties, it is
expected that the nanobiosensors produced might posses new properties and so, new ca-
pabilities. With respect to detection and operation of these devices, detection processes
thought to be simpler and faster, in constructions that tend to be more friendly, since it
do not need bulky detection systems, conferring also the direct advantage of low cost of

construction.

Nanobiosensors are thought to be as simple as possible, so, in the most recent proposed
devices, the more acceptable approach is the label-free nanobiosensor. In this way, in a bi-
osensor, the recognition element does not need to interact with other molecules or labels.
There is no need to target the analyte or activate the biosensor by processes as conjuga-
tion with an enzyme, resonant energy transfer to generate the desired fluorescence, or
chemical processes generated by the incorporation of molecules in order to functionalize
the recognition element to produce a luminescent response, and others. In these biosen-
sors, the probe and target-binding or substrate reactions are expected to be recorded by
the transducer in the absence of any labelrequirement. Nevertheless, applications of such
nanodimensioned devices are of a great variety, it is evident that the major target is the
diagnostic and medical ones. Since these biosensors consist of a nanoscale detection meth-
od, they can sense target molecules in very low concentration into the body, which con-
sist of a key factor in early detection of diseases such as breast cancer and AIDS. In fact,
this is the idea behind the home method to detect AIDS, the OraQuick® HIV test present-
ed by Orasure Technologies Inc. Their portable sensor comprises a visually read, qualita-
tive flow immunoassay for the detection of antibodies to HIV-1 and HIV-2. In the device,
HIV-1 and HIV-2 antigens are immobilized on a nitrocellulose strip and reactive antibod-
ies are visualized by colloidal gold labeled with protein-A. The oral fluid are collected di-
rectly on the device and the positive test appears within 20 minutes as a purple line at
the visor.[75]

Nevertheless, a point that needs to be made is, clearly miniaturization is the focus of
many research that have been conducted in this theme, but it also can bring about some
undesired properties, which need to be taken into account when engineering a biosensor.
It means that not everything in nanoscale is adequate. One must have in mind which
problem needs an answer, otherwise there is no scientific method, only the old fashioned
“accidental discovery”.
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