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Abstract

Analysis of many biochemical processes is of great significance for clinical, biological,
food, environmental as well as bioterror applications. But, exchanging of the
biochemical information to kind of electronic signal is a defiance due to connecting
an electronic tool directly to a biological surrounding. Electrochemical detection
instrument due to its advantageous to analyze the subject of a biological sample has
a great potential in conversion of a biochemical occurrence to an electronic signal.

In this chapter we presented the advancements made in the field of electrochemical
biosensors targeted at medical field as well as optical elements used in modern
biosensors. This material encompasses the technology, performance and commerci‐
alization of this brood of sensors. We have focused on the future development
perspectives of this class of sensors, based on the experience gathered by different
groups researching this field.

Keywords: biosensors, electrochemistry, optical biosensors, medical applications,
nucleic acids, lactate, optical fiber

1. Introduction

Electrochemical detection instrument due to its advantageous to analyze the subject of a
biological sample has a great potential in conversion of a biochemical occurrence to an
electronic signal [1]. Due to its advances reported earlier [2] they are great alternative for other
analytical detection methods used elsewhere, Fig. 1. The connection among quick, sensitive,
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selective, precise, miniaturizable and inexpensive electrochemistry-based biosensing [3–5] and
areas as genetics, proteomics, biochemistry, and molecular biology, conduct to the develop‐
ment of electrochemical sensing tools of unique selectivity and sensitivity for a mass of the
samples being tested on this truck.

As was reported earlier by Almeida et al. [6], since Clark glucose sensor [7], this system was
improved highly [6-9], and novel sensing systems for detection i.e. urea [10], creatinine [11],
cholesterol [12], insulin [13], cancer cells [14] were developed. Electrochemical biosensors were
also found for determination of microorganisms as Escherichia coli [15] or Salmonella typhimu‐
rium [16].

Furthermore, the optical fiber as biosensor part is suitable for rough and unsafe surround‐
ings,  because  of  their  notably  potent,  flexible  and persistent  arrangements.  This  is  non-
electrical;  consequently,  it  may be utilized in varied disrepair  electric  current adoptions.
Optical fibers are usually applied since upstanding quality and the base price for sensing
appliances. Especially, the major impressive features of optical fibers may allow transmis‐
sion of multiple signals synchronously. Due to the fact, it may receive variety capacities for
detecting of analyte [17].

BIOSENSOR

Clinical

In vivo

Long-term implantable

i.e. artificial organs

Short-term invasive

In vitro

Single-shot

Multi-analysis

Non-Clinical

Single analysis Reactive monitoring Bioagent detection

Figure 1. Various applications of biosensors

2. Electrochemical detection in clinical analysis-overview

Electrochemical parameters do not present direct correlations with biological data. However,
there are several factors that influence the action mechanisms of drugs, such as stereochemis‐
try, diffusion, solubility, membrane permeability, bioavailability and others, and these
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parameters can be related to electrochemical reactions. Electron transfer plays an important
role in describing the action mechanisms of many drugs, such as alkylating agents. Other
metabolic pathways that involve electron transfer and redox processes include the generation
of reactive oxygen species and free radicals and the metabolism of xenobiotics [6,18]. After a
brief search of the literature, several biological studies that include electrochemical mecha‐
nisms were found. Moreover, it is important to consider the type of the appropriate electro‐
chemical technique that has to be developed to achieve the measurements and the associated
parameters.

Among the four common electrochemical techniques, amperometry, pulsed chronoamper‐
ometry, differential normal pulse amperometry and differential normal pulse voltamperom‐
etry, only the sampled and/or differential techniques permit to determine the analytical signals
independent of background and capacitive components [19]. For example, the differential
normal pulse amperometry guarantees a stability to the sensor system since this further is
polarised at the measurement potential of NO.

The determination of nitric oxide is valid for direct examination of its regulatory roles in
biochemical systems. NO assists in the control of crucial cell activities as proliferation or
apoptosis. Its unsuitable metabolism can lead to the varied pathologies, as cardiovascular
dysfunctions.

One of the NO detection systems was developed by Brunet et al. [19]. The system concerns an
appropriate analysis of interfering compounds (hydrogen peroxide, ONOO-, ascorbate) that
should be done to evaluate the specificity of the electrochemical sensing of NO in solution.
Measuring setup is designed of a nickel porphyrin and Nafion®-coated carbon microfiber.
Ames and Kovacic [20] suggested that anti-ulcer agent, as omeprazole could inhibit the H+/K
+ ATPase from an electron transfer process at the binding site. The electrochemical techniques
used in the experiments were cyclic voltammetry and normal pulse polarography.

Liang et al. proposed an electrochemical sensor fabricated by imprinting D- and L-tyrosine on
polypyrrole at the surface of Ni electrode [21]. The enantioselectivity of the designed system
was determined by coulometry applying positive potential to prompt adsorption of the
objective analyte. The L-tyrosine imprinted polypyrrole layer rendered good selectivity for its
own template and presented only a minimal relation for the tyrosine derivatives, nor-
epinephrine, epinephrine and dopamine.

Winkler et al. designed catechol-modified chitosan redox cycling system to amplify and detect
the electrochemical clozapine signal in undiluted human serum [22]. Clozapine is the anti‐
psychotic ratified by the FDA for treatment-resistant schizophrenia [23]. The authors exem‐
plify the critical function of the reducing mediator in the redox cycling approach, where
accurate attention has to be paid to the choice of concentration, contributing up to 1.75-fold to
signal reinforcement. The study of electrical potential adoption displays electrophoretic
transfer of clozapine playing a similarly significant role in signal amplification, especially in
diffusion-limited surroundings, accounting for a factor of up to 2.47 [22]. Recently, Keeley et
al. has utilized cyclic voltammetry as well as differential normal pulse voltamperometry in
electrochemical biosensing tool for determination of paracetamol in human serum [24]. The
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electrochemical active layer was designed as pyrolytic carbon films created using non-catalytic
chemical vapour depositionon Si/SiO2 wafers. The proposed sensor was selective, stable and
reproducible, with a low detection limit (µM), high sensitivity and broad linear range. Its
accuracy has been verified using human serum and commercially available pharmaceutical
products. The electroanalytical properties of pyrolytic carbon were found to be competitive
with the best available carbon electrodes [24].

Electrochemistry in biosensing/clinical context, as was mentioned earlier [25], has many
profits, which make it an appealing choice for clinical analysis. Most electrochemical methods
have excellent limits of detection and a wide dynamic range. Electroanalytical techniques
require only very small sample volumes, often in the microliter range, coupled with the low
detection limits allowing analysis on even subpicogram amounts of analyte [25]. Moreover,
the selectivity of electrochemical detection in complex samples is excellent because fewer
electroactive interferents are often encountered than spectroscopic interferents.

2.1. Nucleic acid electrochemical biosensors

The rapid detection of nucleic acid sequences (DNA o rRNA) represents a challenging research
of bioanalytical chemistry applied to biosensors. Over the last few years, many works have
been focused on this aim, with applications ranging from environmental monitoring to food
and clinical analysis, developing platforms based on different transduction principles, i.e.
piezoelectric, optical and electrochemical [26].

Present  clinical  diagnostics  and monitoring  demands  rapid  and accurate  analyses.  Vital
factors complicating these procedures are often cost of analytical proceedings. Moreover, if
it  is  considered  that  a  qualified  personnel  is  needed  for  clinical  analyses,  the  natural
necessity for alternative analytical technologies is present. For this purpose, biosensors can
serve  as  an  option  for  solving  problems  mentioned  before,  or  become  a  helpful  in  a
personalized medicine [27].

Electrochemical biosensors are used to the moment for detection several pathogens (Table 1).
These types of detection are the ones that test with complex samples such as tissue, cell culture
(without the aid of PCR), or food. It should be noted that many studies utilize synthetic
nucleotides [28,29]. Some of the more striking innovations in DNA detection have occurred in
the field of virus detection, especially with respect to probe design. Researchers who examined
sensing of viruses investigate various capture probes that are tagged with redox species [30].

In one approach, polythiolated DNA probe tagged with ferrocene was evaluated [30]. When
the capture probe was not hybridized, the ferrocene molecule on the flexible ssDNA is more
mobile and migrates to the electrode surface. When the target DNA hybridizes with the probe,
a stiff double helix is formed, which significantly decreases the DPV signal due to relatively
immobile ferrocene. Use of peptide nucleic acids (PNA) as capture probes has also been
investigated, as it provides for neutral DNA analogs, which lowers electrostatic repulsion, and
form “triplex” with dsDNA [31]. In the study reported by Aguilar and Fritsch, an electro‐
chemical approach targeted 121-mer mRNA of the hsp70 heat shock protein in Cryptosporidium
parvum [28]. A sample of 2.6× 06 oocysts/ml was heat shocked for 10 min to induce transcription
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of hsp70. A capture DNA probe was immobilized onto an aminated Au/SiO2 wafer. Then, 500
µl of a 50-µg/ml solution of heat-shocked oocysts was incubated with the functionalized wafer
for 1 h for hybridization to be completed. Subsequently, incubation with a reporter probe
consisting of 42-base ssDNA conjugated to alkaline phosphatase was used. The modified wafer
was rinsed and transferred to a solution containing the substrate for the enzyme, p-amino‐
phenyl phosphate (PAPP). Over a 12-h period, alkaline phosphatase generated the electroac‐
tive species, p-aminophenyl, which was measured by cyclic voltammetry. The authors
established that there was very limited cross-reactivity with several common pathogens such
as Cryptosporidium parvum, Listeria monocytogenes, Campylobacter lari, E. coli O157:H7, and
Salmonella typhi.

Detection method Target Sample matrix
Analysis time

(hours)
Detection limit Ref.

DPV
Escherichia coli

ssDNA
50 µL sample of

separated SSDNA
7 5 cfu/mL [34]

SWV
Escherichia coli

ssDNA
1 µL buffer ~1

0.75 amol
nucleotide in 1 µL

sample
[35]

Potentiometric sensor
Escherichia coli

rRNA
4 µL buffer 1

10 cfu (0.2 amol
16S rRNA) in 4 µL

sample
[32]

Chronoamperometry Escherichia coli
“meat juice”

lysate
~7 1 cfu/mL [36]

Cyclic voltammetry
Cryptosporidium

parvum
500 µL lysate 16

2 µg mRNA (37
oocysts)/1 mL

[28]

Impedance spectroscopy
Salmonella
choleraesuis
amplicon

PCR mix ~3 1 nM [37]

DPV
Staphylococcus

saprophyticus DNA
cell lysate 0.5 1 cfu/µL [38]

DPV HBV ssDNA 10 µL buffer 3 0.300 pM [39]

Table 1. Electrochemical detection of nucleic acids of pathogens

The limit of detection for Cryptosporidium is poor in comparison to the femtomol and attomol
values in the E. coli  experiments. The 2 µg/ml limit of detection was established using a
synthetic target as in all the work summarized in Table 1, with the exception of Wu et al.
[32] where they used bacterial lysate with no PCR. The limits of detection given in Table
1  would  be  more  relevant  to  food  safety  and  environmental  monitoring  if  they  were
extracted from experiments that used actual samples of the pathogens as in Wu et al. [32].
Electrochemical sensors, in combination with PCR techniques, are a powerful approach to
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detecting nucleic acid sequences in batch assays. The cyclic voltammetry and impedimet‐
ric  assays  also  provide  characterization of  adsorbed monolayers.  An alternative  sensing
approach  is  to  use  electromechanical  sensors  to  detect  nucleic  acids  with  flow-through
sample analysis, where the sample volume is larger than the 1- to 50 µl volumes report‐
ed for the electrochemical sensors [33].

2.2. Electrochemical lactate biosensors

L-Lactate plays a vital role in various biochemical processes. Physiological lactate levels are
related to the status of anaerobic metabolism associated with muscle contraction. Under
normal conditions, healthy persons have lactate concentrations between 0.6 and 2 mM, but
during physical activity the value of this parameter can rise up to 20 or 30 mM. That is the
reason, L-lactate quantification is vital in i.e. sports medicine [40].

Formation of lactate is followed in the wake of growth in H+ concentration within the cells;
when the rapidity of lactate production is high enough, the H+ buffering ability may be
oversteped, the cellular pH reduces, and the fact may influence on cell acidosis which results
on performance of muscles [41].

Even though glucose is usually assumed to be the main energy source for living tissues, there
are some evidences that it is lactate, and not glucose, that is preferentially metabolized by
neurons in the brain of several mammalian species (i.e. humans) [42], and its monitoring
provides a crucial signal in brain stroke and head trauma [43,44]. There was also also revealed
that lactate is an indicator for sleep periods [45].

The significance of lactate monitoring in medical diagnostics is indicated by the certainty that
blood lactate levels have long been a vital marker of sport as well as clinical states. The facts
display the considerable regard in the development of efficient lactate sensors for diagnostics.

2.2.1. Amperometric lactate biosensors

Amperometric transduction is based on the survey of the current appearing from the electro‐
chemical oxidation or reduction of an electroactive species. The resulting current is immedi‐
ately correlated to the bulk connection of the electroactive species or its production or
consumption rate within the adjacent biocatalytic layer. Because of the fact, amperometric
sensors alter the concentration of the analyte in their closest vicinity, that is within the diffusion
layer [46]. The simplest amperometric biosensors in common usage involve the Clark oxygen
electrode.

The enzymes commonly utilized in the development of amperometric biosensors for L-lactate
detection are lactate oxidase as well as L-lactate dehydrogenase. In the case of lactate oxidase,
oxygen consumption or hydrogen peroxide formation is verified – H2O2 provides a current
proportional to amount of L-lactate. In dehydrogenase-based sensor, the protein catalyzes the
oxidation of lactate to pyruvate in the presence of nicotinamide NAD+ and the reduced NADH
is amperometrically determined. As was reviewed by Rassaei et al. [47] cytochrome b2 [48,49]
and lactate monooxygenase [50] have been used in the structure of lactate sensors rarely.
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One of the first amperometric lactate biosensor was presented by Faridnia et al. [51]. An
amperometric hydrogen peroxide-based biosensor has been developed for non-invasive
determination of L-lactate. The biosensor utilizes lactate oxidase immobilized between a
polycarbonate membrane and a polytetrafluoroethylene blocking membrane to effectively
eliminate electrochemical interferences. The response times were found as 2 min and 10 s,
respectively. The biosensor was applied to the analysis of sweat L-lactate content of healthy
subjects during physical exercise [51].

Romero et al. has developed [40] biosensor requires only 0.2 U of lactate oxidase, which is
immobilized in a mucin/albumin hydrogel matrix. By protecting the platinum surface with a
Nafion membrane, typical interference related to negatively charged species such as ascorbic
acid has been minimized to practically undetectable levels. A detection limit was found as 0.8
µM. The lactate biosensor presents remarkable operational stability and sensitivity (0.537 ±
0.007) mA M−1. In this regard, the sensor keeps practically the same sensitivity for 5 months.

Because of the fact, the sensors based on L-lactate oxidase involve the electrochemical detection
of enzymatically generated H2O2. The lactate oxidase based sensors invariably suffers from the
interference due to other electroactive compounds such as ascorbate, as the detection of H2O2

requires high overpotential. Moreover, the sensitivity of the sensor depends on the oxygen
concentration [52]. The method to avoid the oxygen depletion [53] is replacement of lactate
oxidase on lactate dehydrogenase, which needs to operate NADH or NADPH.

As was reviewed earlier [47], the character of NAD+/NADH is mediating to shuttle the
electrons between the enzyme and the electrode. Nevertheless, hardship in introducing the
coenzymes into biosensing device as well as its regeneration, which is connected with high
oxidation potential, may frequently cause the need of optimization of collateral parameters.
That is the main reason the L-lactate oxidase is mostly used in design and production of
amperometric L-lactate sensing devices.

But there are still several models of sensing tools based on L-lactate dehydrogenase as
biosensor proposed by Pereira et al. [54]. The amperometric biosensor is based on lactate
dehydrogenase and Meldola's Blue. The measured response was based on the electrocatalytical
properties of Meldola’s Blue to oxidize NADH, which was generated in the enzymatic reaction
of lactate with NAD+ under catalytic activity of lactate dehydrogenase. The amperometric
response for lactate using this biosensor showed excellent sensitivity (3.46 µA cm−2 mmol L−1),
operational stability (around 96.5%) and wide linear response range (0.10–10 mmol L−1).
Another example of lactate dehydrogenase-based biosensor was reported by Jena and Raj [52].
The setup was developed using L-lactate dehydrogenase and hydroxylamine enlarged gold
nanoparticles (GNPs). Lactate dehydrogenase and GNPs have been integrated with the sol–
gel 3-D silicate network derived from 3-(mercaptopropyl)trimethoxysilane. The biosensing of
L-lactate is based on the electrocatalytic determination of enzymatically generated NADH by
GNPs of the integrated assembly.

As was reported earlier by Rassaei et al. [47] in the design and construction of amperometric
lactate biosensor the most attention has centered on electrode, technologies of protein immo‐
bilization, coenzymes, mediators, the lifetime and biocatalyst stability.
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According to IUPAC definition, the sensor sensitivity and selectivity may be improved by
using of mediators. Fulz and Durst [55], as well as Nikolaus and Strehlitz [46] reported that
the irreversible electrochemical characteristic of several biological species is due to slow
heterogeneous electron transport at electrode. This keeps to a sever electrode fouling by
adsorption of the bioelement on the electrode or insulation of the active protein center by the
surrounding proteins. To avoid these problems the mediators (electroactive agents which
operate as an electron shuttle) are utilized. Mediators may also extend the slow rate of electron
transfer and reduce the overpotential [46]. In L-lactate detection is suggested to use the
polymeric FAD as environment-friendly mediator [56].

As was mentioned earlier by Rassaei et al. [47], enzymes used in lactate biosensor technology
may be stabilized on the electrode by a number of different strategies, such as cross-linking
[57], entrapment in conductive or nonconductive polymers [58], confinement in a sol–gel [59,
60] or hydrogel [61] matrix, immobilization with another biological component, such as bovine
serum albumin [62], or covalent attachment of the enzyme to the electrode [63]. Since the
biosensor technologies have emerged, the researches permanently work on the stability,
activity as well as efficiency of used enzymes [64].

2.3. Electrochemical biosensors in pharmaceutical assay

Taking into account the fact, that the pharmacological methods are often time-consuming and
not cheap, biosensing tools have appeared an entertaining option. Many investigations have
been conducted in consideration of the optimization of immobilization procedures as well as
the obtaining of the analytical rate. Modern biomimetic identifying setups have been investi‐
gated [65]. Moreover, redox properties of drugs can provide insight into metabolic fate, into
their in vivo redox processes, and their pharmacological effect.

The analytical policy adapted in the expansion of biosensing tools extend from the identifica‐
tion of a signal created by the straight interaction amongst the analyte and the recognizing
factor, or indirectly, engaging mediating elements and coupling processes.

The magnitude of biosensors depend on biocatalytic reactions, therewith the essence of the
species in the biochemical process, as the molecular features of the analyte, establish the finest
group of transducer to be applied [66].

Transport of electron between the enzyme and the electrode surface can arrive by three
pathways, qualifying the kind of amperometric tools used, which may be sorted into three
classes:

1. The 1st class of electrodes are dependent on the redox proceeding of cofactors (ß-NAD(P)
+).

2. The 2nd class has included the employment of electron mediators due to reduce potential
and rationalize electron transport and sensitivity.

3. The 3rd class of electrodes - the electron transport takes place fairly amongst the active
center of protein and electrode [67].
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Towards drug specifics inclosing hydrolysable and unstable clusters and/or when proton
release is observed, the employment of ion-selective electrodes or potentiometric biosensing
tools is the most routinely used variant [68].

Amongst the favorable points of view affected the future of biosensors is the employment of
biomimetic systems, which link updated chemical stability with almost identical activity of
the particular enzyme [66, 69].

2.3.1. Antiviral drugs

Drug analysis has a large influence on social health. Many analytical techniques have been
investigated for the quantitative determination of drugs in both pharmaceutical and biological
samples. Even though e.g. chromatographic methods are sensitive and selective, they are
tedious and time consuming due to the requisite pretreatment of samples and optimization of
chromatogram conditions. Electrochemical methods have been utilized for the determination
of wide range of drug compounds, repeatedly without derivatization [70].

Substituted purines represent an important category of compounds actively studied as
potential therapeutics against viral infection. Acyclovir is the most commonly utilized
nucleoside analog antiviral drug. It is mainly used for the treatment herpes simplex as well as
herpes zoster infections. But also may be used for treatment of primary genital herpes or
herpetic encephalitis, it is effective in preventing HSV (human herpes virus) infections. This
drug provides significant therapeutic benefits in the treatment of viral diseases, and no serious
side effects associated with its use have been reported [71]. Based on above description the
quantitative determination of ACV become very important and has been widely studied.
Several analytical methods have been proposed for individual measurement of acyclovir by
fluorometric, high-performance liquid chromatography (HPLC), radioimmunoassay, spec‐
trophotometric methods, GCV by HPLC and PCV by fluorometric [72].

Recently, Heli et al. [70] has reported the electrochemical assay for acyclovir determination by
electrocatalytic oxidation of acyclovir on copper nanopartciles-modified carbon paste elec‐
trode. Due to investigate simple and time-saving method for the analysis of acyclovir in pure
form as well as pharmaceutical formulations, amperometry method was used. Also electro‐
chemical technique coupled with carbon nanotube (CNT) modified electrodes, as was
presented by Shah et al. [72] as comfortable and cost-effective. Another example of acyclovir
electrochemical analysis was shown by Shetti et al. [73]. The oxidation of acyclovir was
investigated at fullerene-C60-modified glassy carbon by cyclic and differential pulse voltam‐
metry. The authors have shown that no reduction peak was observed in the reverse scan,
suggesting that the electrochemical reaction was a totally irreversible process. They have
assumed also that the oxidation process is located on the guanine moiety in the molecule. It
can be concluded that the electrochemical oxidation of acyclovir involves two electron and two
proton transfer process to the formation of 8-oxoacyclovir, which is analogous to the initial
oxidation product of guanine [73].
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2.3.2. Neurotransmitters drugs

The useful in electrochemistry procedures are particularly advantageous in the survey of
neurotransmitters and neuronal medicines, not only according to a quality verification, but
also for physiological aims. Voltammetry paired to microelectrodes altered with medicine or
neurotransmitter receptors are a subservient tool for rating the physiopathological process,
clarifying their pharmacological effect, as well as for the extension of novel drugs [74].

Catecholamines

As was reported earlier by de Souza Gil and Rodrigues de Melo, catecholamines apply a great
deal of duties at the central as well as autonomous nervous systems [66]. They possess an
oxidized catecholic grouping which can be catalyzed by a numerous of oxidases.

The utilization of vegetal material as an origin of oxidases for biosensor destinations images
a favorable choice for the quantification of this group of compounds [66, 75-77].

The enzymatic protein - polyphenoloxidase, inherent in coconut fiber material [78], apple
tissue [79], avocado pulp [76], zucchini [66], and a lot of sorts of palms [75] have been utilized
as source of biocatalysts for biological sensor design concentrating on the assay of particles
including catecholic and phenolic groups. Biosensors including palm fruit (Livistona chinen‐
sis) have been utilized for the test of epinephrine in pharmaceutical formulations when
concentration is ranging between 0.05 - 0.35mM. In parallel to classical procedures, the effects
rendered significant notability (3.1%) and repeatability [80]. Another palm material-based
biosensing tools for catecholamine detection contain the coconut biosensor [81] and the
guariroba (Syagrus oleracea) biosensor [75].

A biosensor enclosing 25% (p/p) polyphenoloxidase isolated from banana (Annona muricata
L.), 30% (p/p) graphite, 30% (p/p) silicone oil, and 15% (p/p) of 7,7,8,8-tetracyanoquinodime‐
thane (TCNQ) linked to flow injection systems (FIA) was efficiently employed for the analysis
of dopamine in various pharmaceutical species [81].

Benzodiazepines

Benzodiazepines are central nervous system inhibitors, usually utilized for anxiety curing.
Since the curing triumph of this group of medicines depends on the support of accurate serum
levels, a lot of occurrence can take place regarding to the intake of benzodiazepines. Due to
typical antipsychotics, they are not net dopaminergic antagonists but possess other receiver
antagonistic activities (e.g. acting on serotonin and/or adrenergic receivers); these specific
advantages make them convenient in a wide confine of psychotic diseases (mania, schizo‐
phrenia and delirium) with a decreased risk of inducing extrapyramidal effects and acting on
negative symptoms of schizophrenia (alogia, anhedonia and avolition) [82].

Thereby, the invention of procedures for benzodiazepines determination is significant in a lot
of areas, i.e. quality control, clinical diagnostics and forensic investigations [66].

As was reviewed before [66], reports representing the electrochemical character of temazepam,
oxazepam and diazepam on carbon paste electrodes were developed by cyclic and pulse
differential voltammetry. For determination of olanzapine (2-methyl-4-(4-methyl-1-pipera‐
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zinyl)-10H-thieno[2,3-b][1,5]benzodiazepine) Brunton et al. used modified carbon glass
electrode with multiwalled nanotubes and layer of TiO2. The optimal pH for temazepam and
oxazepam was found ranging from 3.0 to 5.0, in case of olanzapine it was found as 5.0 as well
as no influences of various foreign species on the determination of olanzapine were investi‐
gated by square wave voltammetry [82]. On the other hand, Liu et al. reported the combination
of electrochemistry and mass spectrometry (nanospray desorption electrospray ionization) as
a powerful analytical tool for identification of benzodiazepines [83]. The advantage of the
system was found as high sensitivity and the capability of analyzing small volumes of
electrolyzed solution. This capability is crucial in analyzing trace amounts of biological
samples.

3. Optical sensors

Recently, the optical biosensing devices had been developed rapidly and have been utilized
in a numerous of significant fields enclosing food safety, security, environmental monitoring
and clinical analysis [47,84]. In clinical analysis, the optical sensor has been used in both regular
clinical diagnostic and for clinical research adoptions [85]. The word optrode is a fusion of the
optical and electrode. It is used to qualify optical tools [86]. This technique of transduction has
been adapted in different kinds of biosensor regarding to the varied classes of spectroscopy
[87]. These transduction techniques are efficient to measure another features of the target/
analyte. The optical based biosensor is efficient to supply tab free, real time and parallel
determination [88]. The fluorescence or surface plasmon resonance which is united with optical
fiber is the most exoteric procedure accessible for optical based biosensors [87]. It occurs that
sensing tools based on the optical fiber concept acquire research concern in the area of
biosensor design [47].

3.1. Optical fiber sensor

Optical fiber (occasionally named optrodes, Fig.2) has acquired substantial concern for inves‐
tigation as a biosensing element notably in lower detection limit (LOC) sensing surveys.
Optrodes based sensors are built of few principal constituents: a source of light, a biorecognition
factor (immobilized), an optical fiber utilized in light transmission and useful as the base, and
a detector (i.e., spectrophotometer) where the output light indicates the operation [89]. As a
consequence, when the objective analyte communicates with the biological recognition agents
at the surface of the fiber, a biocatalytical process occurs generating the alterations in the optical
behavior. These alterations may be compared to the analyte concentration. The biorecognition
occurs on the fiber optic, when the light source is transmitted through. The identical or another
fiber is applied to direct the output light to the detecting element. The frequent directions of
biosensing utilization of optical fiber are acquiring scientist concern due to its principal benefits
as a miniaturized fine efficiency sensor, small fiber optical sensors, high sensitivity, rapid
result, fine selectivity, and low detection limits [90]. Optical fiber sensors as well possess a
number of profits over electrochemical and another biosensing due to their advanced sensi‐
tivity, security, independence of electromagnetic involvement and their ability for real time
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control [86]. Moreover, this kind of transduction is free of reagent and adaptable, consequently
relevant for distant sensing as well as and singular molecule determination [86]. Nevertheless,
there are respective disadvantages as the deficient durability of biorecognition agents and
sensitivity to surrounding light [86]. Majority of the causes notified in the literature on optical
fiber biological sensor appliances have adopted the optic fiber with alternative optical
procedures [91]. Moreover, these techniques have been utilized for the determination of
numerous biological species as antigen, nucleic acids [92]. Optical fiber biosensing is compre‐
hensive and being commonly utilized for microorganisms identification [91] Leung et al. [93]
have described label free determination of DNA hybridization for pathogen testing by
applying a fiber optic biosensor.

phase shift

downbound light

upbound light

electric
wave

dielectric mirror

elecrro-optic
crystal

Figure 2. Scheme of optical fiber sensor

3.2. Plasmonic sensors

Surface plasmon resonance (SPR) refers to the collective oscillations of the conduction electrons
in metallic nanostructures [94]. Both the intensity and the position of SPR strongly depend on
the size, shape and composition of the nanostructures, as well as the dielectric properties of
the ambient environment [95,96]. This sundries of responsive variables allows for optical
sensors to be created using plasmonic metallic nanostructures. Thereby plasmon-enhanced
optical sensors are finding increasing application in detection of analytes in clinical diagnosis,
security, food safety and environmental control [97,98]. Herein the expression plasmonic
sensor refers to sensors that immediately utilize shifts in spectral behavior of the plasmon to
operate as the transducer of the sensing signal. Plasmonic sensors are constructed either with
2D chips that support surface plasmon polariton (SPP) mode or with nanoparticles that
support localized surface plasmon resonance (LSPR).
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3.2.1. Chip-based plasmonic sensors

Planar plasmonic base support expanding SPP course or blended SPP/LSPR course which can
be adapted for plasmonic sensing along variations in the refractive index of the ambient
environment. SPP may merely be excited utilizing a prism or a grating to provide the extra
speed essential to adapt to free-space light. The typical arrangement in chip-based SPP sensing
tools is the Kretschmann layout (Fig. 3), [99,100] which allows time- and angle determined
reflectivity surveys of a noble metal layer's SPP course through a glass prism. In this colloca‐
tion, the metal layer is extremely reflective excepting at a concrete angle when the SPP is
excited, related to as the SPR angle [101,102]. When target species hinder to ligands immobi‐
lized on the plasmonic metal layer, the SPP strand red-shifts regarding to the upper value of
refractive index of the species than the water solution, acting as a sensor [98]. The wavelength
of the SPR signal differs linearly with the refractive index of the ambient environment due to
the Drude pattern [103]. Thereby, the refractive index sensitivity (S=Δλp/Δn) is signified in
entities of nm per RIU, where λp is the plasmon frequency of the metal and n is the refractive
index of the ambient environment. Figure of merit (FOM=S/FWHM) can be qualified to account
the sensing projection of a plasmonic sensor, where FWHM places for the full spread at half-
maximum and S is the refractive index sensitivity.
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Figure 3. Outline of plasmonic sensing system based on the Kretschmann layout. The incident light is reflected by the
metal layer along a prism, and the reflected beam presents a dark line regarding to the SPR absorption. This plasmonic
sensing layout can determine time and angle-resolved SPR results upon the binding of analytes.
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The method to accomplish the refractive index sensitivity of a plasmonic tool is to decline the
SPR signal of the metal layer with the absorption band of the chromophore that ties to the
plasmonic metal [104]. Otherwise, the refractive index sensitivity may be increased by
exchanging the planar metal layer with a broad-space cyclic nano-array model as a nano-disc
array, nanosphere array, or nano-triangle array which assists both a heavier regional EM field
and upper sensing plate than planar layers. Conjugated plasmonic nanosized particles may
be either combined to a gold layer in a sandwich manner as an analyte linker is prevalent,
subsequent enlarging the shift of the SPR signal related to the gold layer alone [105]. Plasmonic
chip-based tools possess three clear benefits [99]: (a) label-free determination facilitates the
structure and action of the sensor, and excludes the utilization of multiple antibodies as
adapted in ELISA, the Au pattern of analytical resolution [106]; (b) real time study of process
kinetics as the plasmonic chip is combined with a flow-cell, which supplies a mighty imple‐
ment for survey the binding incidents [107]; (c) long-range SPP (LRSPP) modes may be created
to demonstrate arrangements of size less damping than classic SPP [108]. The smaller damping
in LRSPP permits tighter band spreads and higher FOM, as well the penetration deepness of
more than 1 mm [109]. It seems to be perfect for study of living organisms [110]. LRSPP modes
can be useful when a fine metal layer is settled among two dielectrics with almost identical
refractive indexes [111].

3.2.2. Plasmon-enhanced fluorescence (PEF) sensors

The first PEF sensing tool was described in 1991 [112]. As was mentioned before [99], PEF is
related either to a surface plasmon-enhanced fluorescence spectroscopy (SPFS) [113], surface-
enhanced fluorescence spectroscopy (SEFS), or metal-enhanced fluorescence (MEF). Till now
a typical naming convenant for this type of tool does not subsist. The PEF studies were not
observable before 2007, but recently, several nanosized elements have been examined to
plasmonically enhance fluorescence, compatible with the growth of navigable nanoparticle
synthesis and lithography-based formation of nanosized chips. The plasmon-induced fluo‐
rescence enhancement agent commonly decreases in the range of 10–100 but may be upper in
optimized plasmonic nanosized structures, even rising up to 1340 [114]. The sudden growth
of PEF sensors is easy to imagine observed the last tendencies in progress in the idea of PEF [99].

3.3. Optical lactate sensors

A numerous literature reports of optical sensing systems for the determination of lactate
reveals that sensor designs largely utilization either fluorometry or (electro)chemilumines‐
cence techniques [115-118]. Also an optrode is capable to classify by the kind of enzymatic
protein and the pathway it is combined to the transducer. First time, the optical sensing
implement for the determination of lactate in blood was described by Broder and Weil [119]
in 1964. The detection tool was relied on a photospectrometric technique, and the relation light/
concentration was calculated due to the Lambert-Beer law [119].

Current tendency to miniaturize the analytical tools have led scientists to design optical
sensing elements on a chip dually with identification pieces. Wu et al. [120,121], in example,
combined optical fibers with a microfluidic tool, which was consisted of an SU-8/poly-
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dimethylsiloxane waveguide to monitor online the lactate (Fig. 4). The determination of lactate
relied on the absorbance of phenol red (max. 540 nm) through the oxidative reaction of
chromogen precursors in the presence of H2O2 (produced by the lactate oxidase catalyzed
process).

As was reported by Rassaei et al. [47] chemiluminescent biosensing tools are mainly based on
incorporation the leading biocatalyzed reaction with a luminescent substrate. Therefore,
lactate sensors are based on the chemiluminescent reaction among H2O2 formed in enzymatic
process and luminol. Still, this reaction demands a basic surroundings (pH 8.5–9) as the light
emission intensity decreases severely with pH downfall to inert worth essential for maximal
enzyme efficiency. Marquette and Blum [122] invented a fiber-optic flow injection biosensing
tool for the monitoring of glucose and lactate concentration employing luminol. The authors
immobilized glucose oxidase as well as lactate oxidase on membranes built of polyamide and
collagen. Lately, Zheng et al. [123] developed a lactate sensing tool based on an exceptional
nanosized optofiber with high spatial resolution to detect the extracellular lactate of a single
cancer cell. Their great achievement was to indicating the capability of the biosensor to
differentiate higher extracellular lactate planes for cancer cell lines.

Figure 4. A microfluidic tool built of SU-8/polydimethylsiloxane (PDMS) (a) with incorporated optical fiber as detect‐
ing element, and (b) a microfabricated instrument, adopted from [120]

4. Outlook and conclusions

Recently, there has been noticed the significant developments in the area of biosensor. This
potent instrument has been employed in a several territories of life. Nevertheless, literature
indicates that there are a lot of researches that have been assumed by middle survey with
straight clean buffer solutions in place of immediate measurement for real-sample monitoring
which is much less crucial. Technological benefits have supplied with the instruments and
matters required to fabricate a biosensor which can be combined with a microfluidic arrange‐
ment, sound, sampler, detector, amplifier and logic circuitry. This type of implement may be
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perspective candidate for label free, reagentless, real time controlling, miniaturization and
reasonable adoption cost. For clinical application, this benefit would permit the growth of
exceptionally low cost, available biosensors that could be utilized for domestic medical
diagnostics without the exigency of transporting analytical samples.
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