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Abstract

The emerging nanotechnology has opened novel opportunities to explore analytical applications
of the fabricated nano-sized materials. Recent advances in nano-biotechnology have made it
possible to realize a variety of enzyme electrodes suitable for sensing application. In coating mi-
niaturized electrodes with biocatalysts, undoubtedly the most of the potential deposition pro-
cesses suffer from the difficulty in depositing process and reproducible coatings of the active en-
zyme on the miniature transducer element. The promising prospects can concern to the obtaining
of thin protein layers by using, i.e. electrochemical deposition, electrophoretic deposition as well
as monolayer methods (Langmuir-Blodgett procedure, Layer-by-Layer—LbL). Many aspects deal-
ing with deposition of enzyme by techniques employing electric field are considered, including
surface charge of enzyme, and its migration under applied electric filed. The using of nanoscale
materials (i.e. nanoparticles, nanowires, nanorods) for electrochemical biosensing has seen also
explosive increase in recent years following the discovery of nanotubes. These structures offer a
promise in the development of biosensing, facilitating the great improvement of the selectivity
and sensitivity of the current methods. Finally, the perspectives in the further exploration of na-
noscaled sensors are discussed.
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1. Introduction

To date, there is an increasing necessity for mighty analytical tools with high sensitivity, fast response, selectiv-
ity, accuracy and low cost of production/operation. Notably, biosensors have found comprehensive adoption in

“Corresponding author.

How to cite this paper: Cabaj, J. and Sotoducho, J. (2014) Nano-Sized Elements in Electrochemical Biosensors. Materials
Sciences and Applications, 5, 752-766. http://dx.doi.org/10.4236/msa.2014.510076



http://www.scirp.org/journal/msa
http://dx.doi.org/10.4236/msa.2014.510076
http://dx.doi.org/10.4236/msa.2014.510076
http://www.scirp.org/
mailto:joanna.cabaj@pwr.edu.pl
mailto:jadwiga.soloducho@pwr.edu.pl
http://creativecommons.org/licenses/by/4.0/

J. Cabaj, J. Sotoducho

the area of environmental control as well as pharmaceutics and medical diagnostics. Consequently, the main ob-
jective in biosensors design is the sufficient development of a biosurface, firmly sensitive and selective for a re-
spective analyte, which may be able to generate measurable signals coupled to an adequate transducer.

Thus, many groups of researchers tend also to combine nanoparticles into the materials used for biosensors in
order to improve the sensitivity of the system in potential sensing applications. Most recent studies show that
biosensors composed with nanoparticles do take on rapid, simple, and accurate measurements, which offers ex-
citing new opportunities for the development of biosensor capabilities. Owing to the emerging roles that nano-
particles are playing in the improvement of biosensors in recent years, it is necessary and meaningful for us to
investigate the researches of nanoparticle-based biosensors from the point of view of management of technology.
As a vital part of management of technology, grasping the latest development of technology and identifying the
emerging characters can help us get competitive advantages in the future.

Several kinds of nanoparticles, including metal nanoparticles, oxide nanoparticles, semiconductor nanopar-
ticles, and even nanodimensional conducting polymers have been used in biosensing systems. Owing to these
unique properties, different kinds of nanoparticles always play different roles in different sensing systems. Gen-
erally, metal nanoparticles are always used as elements of “electronic wires”. Oxide nanoparticles are often ap-
plied to immobilize biomolecules, while semiconductor nanoparticles are often used as labels or tracers [1].

The development of high performance and reliable miniaturized enzyme electrodes is a crucial objective
worth pursuing in the nanosized biotechnology area. The miniaturization bids numerous advantages [2]. Minia-
turized enzyme electrodes are useful in analysis of small sample volumes, hence practical if only small amounts
of biological fluids are provided or, waste saving if larger quantities are available. These small systems can be
also integrated into new technologies like microarray sensor or microfluidic systems. When used in vivo, minia-
turized systems create less damage of the tissues and hence quick healing.

Certainly, there are several methods (i.e. Langmuir-Blodgett techniques, LbL) with which enzymes can be
deposited including but not limited to entrapment and crosslinking [3]. But an important problem in the applica-
tion of enzymatic proteins for the development of miniaturized electrodes is the difficulty in depositing uniform
and reproducible layer coatings of enzymes on the transducer [4].

Electrochemical and electrophoretic deposition are offered as techniques, which can employ electric field to
produce apparently uniform and reproducible layer coatings of biocatalysts over very small areas. Electrochem-
ical deposition is known for several decades, but by the contrast electrophoretic deposition is rather recent tech-
nique [5]. However, further development work needs to be done according to optimize the parameters for a
broader use of especially in the fabrication of miniaturized enzyme systems [4].

2. Immobilization of Enzymes in Miniaturized Systems
2.1. Electrochemical Deposition

A study of literature indicates that electrochemical deposition is one of the most techniques employed for en-
zyme immobilization, because of simple, cost effective apparatus. Electrochemical deposition can be employed
to drive enzymes alone to deposit on the support, as well as with other components including i.e. collagen [6],
noble metal salts (Pt, Pd) [7], monomers such as pyrrole, 1, 3-diaminobenzene [8], some redox mediators (i.e.
Prussian blue) or redox centers [9], nanomaterials like carbon nanotubes and metal nanoparticles [10]. The final
goal of all these efforts is to fabricate enzyme electrodes with appropriate characteristics in terms of preserved
activity, enhanced kinetics and stability to fit with the specific application.

Generally, the activity of enzyme electrode prepared by electrochemical deposition depends primarily on
thickness of the enzyme layers [11].

The latter yields deposition of thin enzyme coatings because only enzymes present nearby vicinity of the
electrode surface precipitate. Matsumoto et al. [12] observed that only few tens of nanometer are produced. The
thickness of the enzyme coating can be increased to reach much thicker layers if i.e. a surfactant is added to en-
zyme solution prior deposition.

According to kinetics, it was observed, that enzymes deposited under electrochemical deposition may or may
not keep similar kinetics as nativeproteins [13] [14]. This fact depends on the environment of the deposited en-
zyme coating and presence of other components. In case of stability, enzyme electrodes produced by electro-
chemical technique have usually moderate stabilities [4].
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2.2. Electrophoretic Deposition

Electrophoretic deposition is carried on from low conductivity aqueous solutions/suspensions (Figure 1). The
technique requires high strength electric fields, which can reach several hundreds of volts to move the charged
biocatalysts from bulk of the solution to the electrode. Both parameters of elevated zeta potential and high
strength electric field yield significant migration of enzymatic proteins under electrophoretic deposition [4]. As a
result, more enzymes reach the surface of the electrode and precipitate to form thick-deposited coatings [15]. It
is weighty, that when high strength electric fields are employed in electrophoretic deposition, continuous direct
current can no longer be utilized because it can induce heat and extensive water electrolysis [4]. This situation
causes changes in temperature and pH in the environment of electrodes which maylowered the activity of the
protein [16]. To avoid the problem it is possible to apply pulsed direct current and alternating current [4].

Alternating current is no fixed anode or cathode but the polarization of each electrode changes continuously
between the positive and negative signs. Due to the fact, that a negatively charged enzyme is subjected to
asymmetrical alternating current signal, it should only oscillate in one location because the migration achieved
during the first half cycle when one of electrodes is positively charged should be neutralized during the second
half process when the other electrode becomes positively charged [4]. According to that, the migration of charged
enzyme under symmetrical signals is zero. In results, only thin enzyme coatings can be deposited [5] [17].
Whereas, under unsymmetrical alternating current field is applied to negatively charged protein, large amount of
enzymes accumulate nearby the surface of electrode and the enzymes precipitate to yield thick deposited layers.
Furthermore, because alternating current fields generate the minimum of water electrolysis as well as heat, the
maximum enzymes activity could be preserved after deposition [5] [17]. There is found a several enzymes (i.e.
glucose oxidase, peroxidase), which have been successfully immobilized by this method [4] [5] [17].

2.3. Thin Layer Methods

Adsorption of organic molecules on solid conducting supports to produce thin nanostructured films are one of
the most employed architectures and represents an important approach in the field of nano-manipulation. Lang-
muir-Blodgett (LB) technique promotes a high control of the physical and chemical properties of nanostructured
organic films and plays an important role in the production of miniaturized devices applicable as platforms for
enzyme immobilization [18].

Other pathways to prepare platforms based on nanomaterials, aiming the fabrication of electrochemical bio-
sensors are dispersion in solvents, adsorption (e.g. LbL), formation of covalent bonding.

As well, the utilization of hybrid organic/inorganic thin films can, in a simple manner, be employed in solid
conductor electrodes. The possibility to incorporate hybrids containing nanostructured materials for enhance
electrochemical properties makes these techniques much attractive in the field of bionanoelectrochemistry [19]
[20].
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Figure 1. Electrophoretic coating.
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The aim is to preserve the native enzyme molecular conformation and to arrange it in a suitable position for
the molecular recognizing of an external molecule of a solution put on contact with the Langmuir-Blodgett de-
vice. As defended in a review by Girard-Egrot [21], the successful incorporation of enzymes on a preformed
Langmuir monolayer depends strongly on the methodology employed. The most one commonly used is the ad-
sorption of the enzyme from the subphase, avoiding direct adsorption of the macromolecule present at the water
surface. This strategy was used to produce electrochemical sensors containing i.e. phytic acid [22], horseradish
peroxidase [23], hemaoblogin [24], and urease [25], tyrosinase [26], to detect a diversity of substances such as
including phytic acid, hydrogen peroxide, glucose, choline, urea, and phenols.

In these types of sensors the sensor sensitization can be achieved by i.e. an amphiphilic heterocyclic semi-
conducting structures admixed into the film [27] or other, more sophisticated architectures have been developed
in order to enhance the performance of LB-based enzyme electrochemical sensors. For instance, Sun et al. [28]
used pyriduylthio-modified carbon nanotubes as Langmuir-Blodgett films to support hydrogenase added in a
subsequent adsorption from solution.

Alternatively, a modern concept of self-assembly was introduced by Decher and co-workers [29] [30] at 90
decade as a low-cost and simple method to obtain nanostructured thin films under controlled conditions (pH,
temperature, polyelectrolyte concentration, ionic strength, etc.). For this purpose, a large variety of materials for
electrochemical sensing and biosensing can be obtained [31]-[33]. Basically, the processes of film fabrication by
LbL technique (Figure 2) is governed by the adsorption of organic polyelectrolytes with opposite charges pre-
sent on their molecular structure, in such a way that film roughness, thickness, porosity and morphology can be
controlled at molecular level [34]. Important advantage in the use of LbL technique to construct biosensors is
the possibility to incorporate organic/inorganic composite materials that contributes for the maximization of the
biodevices electrochemical signal [35]. Also, it is important to emphasize that most hybrids based on nanomate-
rials has been utilized to detect electrochemical signal from biochemical reactions.

Proteins have also been used in LbL method to construct alternate multilayer of ceramic nanotubes (hallo-
ysite), spherical particles leading to an array of new ordered nanoparticles-tubules, which were applied to load
co-enzymes (NAD) for the development of enzymatic nanoreactors. Decher and co-workers [36] also reported
the use of protein/polyelectrolyte hybrid films via specific recognition. One of the main challenges is to maintain
the integrity of the native protein structure to promote their utilization for technological applications.

Ram and co-workers [37] reported the utilization of LbL technique to produce nanostructured films of
poly(ethylene imine) and poly(sodium polystyrene sulfonate), cholesterol oxidase and cholesterol esterase. The
strong stability of multilayer films was also evaluated and contributes directly for the electrochemical properties
of the film warranting the glucose oxidase immobilized on solid conductor supports remained active on the elec-
trode surface.

3. Nanomaterials Used in Electrochemical Biosensors

Nanomaterials has enabled the development of ultrasensitive electrochemical biosensors due to their high sur-
face area, advantageous electronic properties and electrocatalytic activity as well as proper biocompatibility in-
duced by nanometer size. Nanoscale materials have been used to obtain direct wiring of enzymes to electrode
surface, to promote electrochemical reaction, to impose barcode for biomaterials and to amplify signal of biore-
cognition event. The resulting electrochemical nanobiosensors have been applied in areas of i.e. cancer diagnos-
tics and detection of infectious organisms.
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Figure 2. LbL technique.



J. Cabaj, J. Sotoducho

The application of nanometer size materials including nanoparticles, nanowire, nanoneedle, nanotube etc., for
electrochemical biosensing have seen explosive growth in the last few years, since the report the detection of
NADH using carbon nanotube-modified electrodes by the Wang and co-workers [38] as well as the first use of
gold nanoparticles in electrochemical immunosensors [39].

3.1. Nanowires in Biosensors

Nanowires belong to a growing family of nano-objects, which also includes nanotubes, nanoparticles, nanorods,
etc. Nanowires can serve as electrodes or interconnects between micro- and nanoelectronic devices. Furthermore,
their dimensions are on the same scale as biomolecules, which unveils exciting possibilities for their interaction
with biological species such as enzymes [40].

Most of them are silicon-based semiconductors, conducting polymers, and various oxides. Occasionally, also
metallic nanowires have also been used in biological sensing devices. The nanoscale wire material may be
adapted for the relevant functionality of the device. Nanosized wires possess several curious merits such as un-
usual sensitivity in determining surface bio-affects (Figure 3) [41]. The electronically switchable features of
semiconducting nanoscale wires permit for immediate electrochemical detection. Although the subject of nano-
wired biosensors was reviewed to this moment [42].

3.2. Nanotube-Based Biosensor

Carbon nanotubes (CNTSs) because of their unique mechanical and electrical properties are one of the most
widely studied nanomaterials [43]. CNTs are an attractive material in bio-electrochemistry with the dual benefits
of their electrical conductivity and the nanotopography they provide in electrode structures. The latter property
maximises the possibility of bringing CNTs into close proximity with proteins and enables CNTSs to act as one
dimensional nanochannels for electron transfer in proteins [44] [45].

Molecules with specific recognition sites must be tethered onto the nanotube surface to facilitate a predictable
alteration in nanotube electronics, triggered by the binding of target analyte molecules. CNTs are receptive to
functionalization either by oxidative processes that form reactive groups, or through direct covalent/non-cova-
lent modification of the sidewalls. Covalent attachment involves direct attachment of the functionality to the
CNTs via the formation of chemical bonds, altering carbon-carbon bonds from sp? to sp® structure leading to a
loss of conjugation and a subsequent change in electronic properties [44]. Non-covalent attachment involves
CNT-molecule interactions involving electrostatic, van der Waals and/or hydrophobic interactions and preserves
the sp? structures and therefore, electronic properties. Moreover, the nature of non-covalent attachment can re-
sult in denaturation of the protein [44].

The natural affinity of protein hydrophobic domains toward carbon nanotubes allows for non-covalent func-
tionalization of such biomolecules. Good electrochemical communication between multi-walled carbon nano-
tubes and redox proteins have been observed both at the protein surface in the case of horse radish peroxidase
[46], cytochrome C [47] and azurin [48], and deep within the protein macrostructure e.g. glucose oxidase [49].

There was reported also how ferritin protein was non-covalently immobilized onto single-wall nanotube
(SWNT) bundles [50]. Ferritin dispersed the SWNTs well in solution, resulting in a smaller SWNT bundle size,
but the protein have to be in large excess to achieve this. Such adsorption/immobilization of proteins may result
in deformation of the protein tertiary structure to achieve n-stacking along the nanotube walls. In contrast, use of
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Figure 3. Simplified scheme of nanowired biosensor.
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the bifunctional linker, pyrenebutanoic acid succinimide ester, was reported by Dai and co-workers to immo-
bileize proteins on SWNT surfaces [51].

CNT and glucose oxidase were also incorporated in paste electrodes using oil as binder for glucose biosensing
[52]. However, one of the main disadvantages of paste electrodes is their poor mechanical properties. More rigid
carbon nanotube biosensors were constructed by incorporating carbon nanotubes and glucose oxidase in epoxy
matrix [53] [54]. Screen-printed CNT sensors, based on thick-film fabrication, are mechanically stable with
good resistance to mechanical abrasion and they offer possibility of large-scale mass production of highly re-
producible low-cost electrochemical biosensors [55]. CNT matrix also allows easy incorporation of enzyme in
screen-printed electrode, as it was demonstrated on example of horseradish peroxidase in connection to multi-
wall carbon nanotube (MWCNT) and polysulfone binder, Figure 4 [56]. It was found that the enzyme immobi-
lized in the carbon nanotube/polysulfone biocomposite keeps its activity with a very low diffusion barrier [57].

A convenient way to prepare biosensor is to coat carbon nanotube with one or multiple layers of enzyme by
layer-by-layer process [58] [59]. Glucose oxidase can be immobilized on the negatively charged carbon nano-
tube surface by alternatively assembling a cationic poly (diallyldimethylammonium) chloride layer and enzyme
layer. The sandwich-like layer structure formed by self-assembly technique provided an environment to keep the
bioactivity of glucose oxidase and it prevented enzyme molecule leakage. The strong electrocatalytic activity
toward hydrogen peroxide of the fabricated modified electrode indicated that the polyelectrolyte-protein film did
not affect the electrocatalytic properties of CNT, enabling sensitive determination of glucose.

By using the LbL method, homogeneous and stable choline oxidase/polyaniline/MWCNT biosensor for cho-
line detection was prepared [60]. Employing similar approach, glucose nanobiosensor was prepared by forming
bilayer of the polyelectrolytes: poly(diallyldimethylammonium) chloride and poly(sodium 4-styrenesulfonate)
on a 3-mercapto-1-propanesulfonic acid-modified gold electrode and subsequent consecutive LbL addition of
multiwall carbon nanotubes wrapped by positively charged poly(diallyldimethylammonium) chloride and nega-
tively charged glucose oxidase onto the poly (sodium 4-styrenesulfonate)-terminated bilayer [61].

Single-wall carbon nanotubes were employed as long-range wires connecting surface of electrode with redox
centre of enzyme [62] [63]. Yu et al. [62] attached enzymes covalently onto the ends of vertically oriented sin-
gle-wall carbon nanotube (SWCNT) forest arrays, which were used as nanoelectrodes. Authors suggested that
the branched systems in the nanotube forest behaved electrically similar to a metal, conducting electrons from
the external circuit to the redox sites of the enzymes. In other work, SWCNT was covalently linked to gold elec-
trode surface and to glucose oxidase redox centre [63] [64].

3.3. Silicon-Based Nanobiosensor

Porous silicon is a useful nanosensor material. By measuring the change of the optical properties of porous sili-
con when a species is bound to its surface, the concentration of the species to be detected can be determined.
Silicon nanowire based field field-effect transistors (FETS) have also been configured as sensors for the detec-
tion of chemical and biological species. The conductance of nanowires will change in response to the binding of
chemical and biological species on the nanowire surface; that is, molecular or macromolecular species gate the
FET and thereby change the conductance [65]. Amine- and oxide-functionalized SiNWSs exhibit pH-dependent

Polysulfonge —— =

Figure 4. Schematic drawing of structure of horseradish peroxidase/MWCNT/
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conductance that is linear over a large dynamic range and can be related to the change in surface charge during
protonation and deprotonation processes. For example, biotin-modified SINWSs were used to detect streptavidin
down to picomolar concentration range. Antigen-functionalized SiNWs showed reversible antibody binding and
concentration-dependent detection in real time. There is believed that the small size and capability of these
semiconductor nanowires for sensitive, label-free, real-time detection of a wide range of chemical and biological
species could be exploited in array-based screening and in vivo diagnostics [65]. Lee and co-workers fabricated
a series of sensors for gas, chemical, and bioanalytical applications using a bundle of silicon nanowires or nano-
wires films [66]-[68]. The sensor made by a bundle of HF-etched silicon nanowires exhibits a fast response and
highly sensitive and reversible changes of the electrical resistance upon exposure to ammonia gas and water va-
pour [66]. Strands of aligned SiNWs with lengths over 2 mm and diameters of 35 nm were used to fabricate a
multiwire strand of SiINWs into an electrode for cyclic voltammetric detection of bovine serum albumin [67].

A few cautionary notes are warranted here. First, for any nanosensor to be viable, it must have high sensitivity
and selectivity, as well as good reliability in terms of stability and reproducibility. In particular, the sensing
nanomaterial, which is crucial in the nanodevice design, must have reproducibility, long-term stability and high
sensitivity. In this context, nanosensors or SINW-FETSs based on SiNWs are problematic due to the instability of
H-terminated SiINWSs in water and some organic solvents, especially in the pH range of 4 - 10 [69]. Oxide-pas-
sivated or surface-functionalized SiNWs are relatively more stable, though their long-term stability in water or
other solutions. For example, for nanodevices based on electrochemical principles, it has been pointed out that
the detection of binding of molecules, charged or neutral, to the surface of SiO, by direct measurement of con-
ductivity or electric field effect is not possible [69] [70].

3.4. Gold Nanoparticles in Biosensing

Metal nanoparticles have attracted a great amount of interest in chemical and biochemical sensing, where the
considerable enhancement in the measured activity could be beneficially applied to the design of ultrasensitive
transducer surfaces.

The enhanced reactivity of metallic nanoparticles can be attributed to the high surface area to volume ratio
that results in an increase in the surface atom distribution, coupled with the property that these surface atoms
have the highest reactivity because of the smaller number of atom neighbours [71].

In this context, gold nanoparticles (GNPs) have been studied extensively because they have high biocompati-
bility, good conductivity and satisfactory catalytic activity; this range of properties are particularly useful for the
application of GNPs in the construction of electrochemical biosensors [72] [73].

In example, a metal nanoparticle-based electrochemical magnetic immunosensor was developed by using
magnetic beads and gold nanoparticle labels [68]. Anti-lgG antibody-modified magneticbeads were attached to a
carbon paste transducer surface by magnet that was fixed inside the sensor. Gold nanoparticle labels were cap-
sulated to the surface of magnetic beads by sandwich immunoassay. Highly sensitive electrochemical stripping
analysis offered a simple and fast method to quantify the captured gold nanoparticle tracers. The stripping signal
of gold nanoparticles was found to be proportionally related to the concentration of target IgG in the sample so-
lution [64].

3.4.1. Physical Adsorption

Physical adsorption is a convenient and simple procedure for manufacturing biocatalytic sensing devices. It re-
lates to reduce of the gold nanoparticles with a negatively charged ligand such as citrate. The reduced Au nano-
sized particles in the next step associate with the ligand, insulating the GNPs from electrostatic repulsion and
offering it stability. The arising citrate film adds a negative charge onto the colloidal particle surface. Positively
charged amino acid residues allow biocatalysts in solution to be electrostatically adsorbed on the surface by
hardly dipping the modified electrode into the solution (Figure 5). Though this procedure has the advantage of
velocity and simplicity, unfavorable arrangement and decreased functionality are likely [74].

3.4.2. Chemical Adsorption

Chemical adsorption causes direct bonding between the biocatalyst and the surface of electrode, i.e. Au surface.
There is a transfer or sharing of electron, or breakage of the adsorbate into atoms or radicals which are bound

separately.
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Chemical adsorption on gold material is achieved via covalent interaction between the-SH groups of the
cysteine residues and gold surface (Figure 6) [75] [76]. Liu et al., associated the merits of self-assembly tech-
nique and the strong adsorption properties of-SH/gold to construct a convenient, plain, and fast biocatalytic bio-
sensor for phenols labeling, using tyrosinase [77].

Cyclic voltammetry proved a sigmoidal narrow curve and a wait period of 10 seconds to achieve 95% of cur-
rent in steady-state. According to CV measurements, it can be gathered the catalytic current was principally ac-
cording to the direct electron transport from the active site of protein to the surface of electrode.

One of the recently developed method of immobilization is light-assisted process, that allows to a great con-
trol of the biocatalysts’ arrangement via thiols (Figure 7). The process is connected with reduction (selective) of
disulphide bridges, inside the protein, that are adjoining to aromatic amino acid parts by exposure to UV (270 -
300 nm). The free-SH groups may then undergo covalent bonding with the Au surface [78]. Snabe et al., immo-
bilized a major histocompatibility complex to a surface of sensing device by light-assisted immaobilization [79].
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Figure 5. Electrostatic adsorption of biocatalysts directly
onto GNPs.
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Figure 7. Light-assisted immobilization of bicatalysts onto
solid gold support using thiol attachment chemistry.
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Using this procedure, an accurate knowledge of the protein’s structure is indispensable. The disulfide bridges
have to be in the appropriate place on the molecule to be utilized. Moreover, it should be specified that disulfide
degradation will not disrupt the protein’s stability or activity.

Subsequent site-oriented covalent procedure is manufactured to obtain a modified biocatalyst with a genetic
label. The pathways by which a biocatalyst is genetically changed or tagged are rather complicated. Briefly, the
modified enzyme includes artificially attached residues or units that may be placed to a specific area of the en-
zyme.

By covalent binding to the modified part of the protein, specific arrangement may be reached. The recent stu-
dies alter biocatalyst with a metal-binding site, allowing for reorientation. Madoz-Gurpide et al., conducted an
immobilization of ferredoxin: NADP" reductase onto gold electrode by leading a genetically modified metal
binding site on a specific place of the enzyme surface [80]. The gold electrode was covered with a SAMs mono-
layer of thiols attached with nitrilotriacetic acid residues in complex with metallic ions. Two heterounits were
developed to possess a histidine pair (His-Ys-His) on surface-exposed a-helices placed in one of the two protein
domains. The two modified enzymes revealed differences in biocatalyst loading in the Kinetic data, and in ca-
pacity to transport electrons to a mediator covalently appended to the SAMs monolayer.

The formerly mentioned developments regarded enzymatic protein immobilization onto a bulk gold solids.
Both presented procedures introduce an effective method for directed immobilization onto such a nanosized
solid substrate. Ha et al., in example has shown ability for orientated immobilization onto Au nanoparticles [81].
Esterases with a six-membered histidine or arginine tail permitted for selective immobilization onto gold nano-
particles, with result as increasing biological activity. In case of repeatable bonding of the biocatalyst with an
un-restricted direction, GNPs were generated via surface modification with 16-mercaptohexadecanoic acid [81].
The carboxylated Au nanosized particles selectively immobilizing the modified esterases via electrostatic simi-
larity with the modified tails. Although all the esterases (tagged and untagged) inclined to non-specific way of
adsorption to the carboxylated gold nanoparticles, the magnitude was definitely dependent on the attendance of
proper affinity tag. The catalytic activity of the enzymes was found by monitoring the UV/Vis absorption of
p-nitrophenol butyrate, which reveals a new band at 400 nm as it dissociates.

3.5. GNP-Based Electrochemical Biosensors

The conductivity properties of GNPs enhance the electron transfer between the active centers of proteins and
electrodes and thus they act as electron transfer “electron wires”. Natan’s group have proved the direct electron
transfer between the electrode and the protein by GNPs in 1996 for the first time [82]. They showed the direct,
reversible cyclic voltammetry of horse heart cytochrome at 12-nm-diameter modified SnO, electrode, without
any pretreatment or polishing steps. They also found that the nanometer-scale morphology of metals was closely
related to the protein electrochemistry. Since then, a series of papers has reported the electron communication
between the biocatalysts and electrodes using GNPs (Table 1) [83]-[85].

Willner and co-workers studied the electron transfer turnover rate of a reconstituted bioelectrocatalyst using
GNPs [89]. Enzyme electrodes exhibited very fast electron transfer between the enzyme redox center and the
electrode in the presence of the gold nanoparticles. The electron transfer rate was found to be about 5000 per
second, while the rate between glucose oxidase.

GNPs dispersed in polymeric matrices are also used to construct electrochemical biosensors with increased
stability, improved processability, reusability and solubility in a variety of solvents [90]. The nanocomposite of
GNPs and biopolymer, such as chitosan and poly (p-aminobenzene sulfonic acid) has been employed as an ex-
cellent matrix for fabricating novel biosensors [90].

Table 1. Electrochemical biosensor including GNPs.

Enzyme Method of immobilization Substrate Detection limit Sensitivity References
Horser'adish Covalent attachment to GNPs H,0, 2.0uM - JiaJ. et al. [86]
peroxidase
Tyrosinase Chemical adsorption on GNPs Catechol 0.06 uM 3.94 mA/mM-cm? Liu Z. etal. [78]

Glucose oxidase Covalent attachment to multilayer ~ Glucose - 5.72 mA/mM-cm?  Yang W. et al. [87]
Glucose oxidase Covalent attachment to SAMs Glucose 8.2 uM 8.8 HA/mMM-cm? Zhang S. et al. [88]
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The GNPs offer excellent candidates for the immobilization platform. The adsorption of biomolecules onto
the surfaces of GNPs can retain their bioactivity and stability because of the biocompatibility and the high sur-
face free energy of GNPs [91]. GNPs, as compared with flat gold surfaces, have a much higher surface area, al-
lowing loading of a larger amount of protein and are potentially more sensitive. Thus, a number of labs have ex-
plored the contribution of GNPs for biomolecular immobilization [92].

A recent research reported by Tuener et al. [93] has studied the effect of GNPs’ diameter and supported ma-
terial on the catalytic activity of GNPs. They showed that very small gold entities (~1.4 nm) derived from
55-atom gold clusters and support materials are efficient and robust catalysts for the selective oxidation of sty-
rene by dioxygen. A sharp size threshold in catalytic activity, where particles with diameters of 2 nm and above
are completely inactive, was also determined. Their observations suggested that catalytic activity arises from the
altered electronic structure intrinsic to small gold nanoparticles.

4. Summary and Future Trends

Electrochemical nanobiosensors offer without doubts an important step toward development of selective, down
to few target molecules sensitive biorecognition device for medical and security applications. In their case, very
high amplification of signal could be reached, i.e. using high diameter carbon nanotubes filled with nanoparti-
cles and their following electrochemical stripping.

The utilization of nano-manipulation techniques has also become an interesting approach to fabricate electro-
chemical devices with high specificity and molecular order. Moreover, the sensitivity and overall behavior of
biosensors has grown rapidly as an outcome of incorporating different nanomaterials in their construction.

Electrochemical nanobiosensors consisting from single carbon nanotube are clear examples of future path of
biosensor development. These strategies waits for exploration. There is high expectation that such devices will
develop toward reliable point-of-care diagnostics of cancer and other diseases, and as tools for intra-operation
pathological testing, proteomics and systems biology.
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