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Nanotechnology is an area that has been growing over the years, being possible nowadays to find

numerous materials constructed at nanoscale. In addition, many applications have been attributed to

these “new” materials. In this review is presented a brief overview of nanoparticles used for the

immobilization of enzymes. Considering the extensive universe of immobilization in nanoparticles, some

were chosen to be exposed here, such as chitosan, graphene, silica, polymers, magnetic, nanoflowers,

among others. Advantages, disadvantages and limitations of nanoimmobilization also be discussed. Some

applications of nanoimmobilized enzymes are presented, like as biodiesel, flavor synthesis ester and

biosensors. The purpose of this paper is to provide an overview of what is being studied in relation to

nanoparticles for enzymes immobilization, and some discussions about them, aimed at assisting

researchers in future studies and reviews.

1. Introduction

Enzyme immobilization arises as an answer to the necessity of

reusing the expensive enzymes in industrial processes.1,2

However, nowadays, to permit the re-use of the enzyme is not

the only objective of the immobilization, as it has been revealed

itself as a powerful tool to improve many enzyme properties.

Among them, stability (via multipoint covalent attachment,

multi-subunit immobilization of multimeric proteins or via

generation of favorable enzyme environments) is expected to

increase aer a proper immobilization.3–6 Other enzyme prop-

erties may be also improved, e.g., activity, selectivity or speci-

city (by altering the conformation of the enzyme aer

immobilization), resistance to inhibitors, etc.3–6 Thus, the

immobilization system (support, activation method and

immobilization conditions) should be designed to maximize

our objective that not always will be the improvement of all the

features that may be improved (e.g., enzymes having perfect

specicity or enzymes from thermophilic microorganisms

having very high thermo-stability). Immobilization may, in

certain cases, be associated to enzyme purication and in this

way compensate the costs related to the immobilization step.7

The linking between the supports and the enzyme can be

done by adsorption, covalent bond, ionic, encapsulation,

among other more sophisticated techniques of immobiliza-

tion.6c,7,30 The link by adsorption is the simplest technique and

allows immobilizing enzymes on solid supports through low

energy connections, such as van der Waals or hydrophobic,

hydrogen bonds and ionic, among others.124,165c But if the

researcher's interest is also related to the support, this is a very

interesting technique for allowing the enzymes desorption with

application of detergents gradients.35a It may also be formed

a covalent bond between the enzyme and a water-insoluble

support, or by crosslinking with the matrix.124 The enzyme-

support covalent bond formation is strong and irreversible,

with a greater operating stability, but when observed denatur-

ation of the enzyme, the support is disposed of together.30

Indeed, it is important to investigate the “efficiency of

contribution” of immobilized enzyme on the process of

immobilized enzymes to determine the total productivity on

a kilogram of product per kilogram of biocatalyst, and this can

be indirectly measured by the determination of the number of

reuse over cycles.8 The same purpose is related to the so-called

“nanoimmobilization”. Immobilized enzymes on nanoparticles

can show a broader range of pH and temperature usage, higher

thermal stability besides providing changes in selectivity and

specicity compared to the native enzymes.9,10

In this context, nanoparticles have been extensively studied

for enzymes immobilization.11–15 Recently, the high level of
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publications in the literature shows the growing interest in the

use of nanoscale particles for enzyme immobilization is mainly

due to the inherent characteristics of these particles. Ansari and

Husain16 reported some characteristics related to the nano-

particles: (i) enzyme nanoparticles can be easily synthesized in

high solid content without surfactants and toxic reagents, (ii)

homogeneous and well dened core–shell nanoparticles with

a thick enzyme shell can be obtained, and (iii) designed

according to the researcher necessity.

Advances in nanoscience stimulated the interest in the study

of the particles properties in nanometric sizes.17,18 Different

materials are used in nanometric sizes in several areas of

science, like ne chemicals and medicine. As some examples:

polymers,19,20 silica,21,22 gold,23,24 diamond,21 graphene,25,26

magnetics.27,28 When using nanomaterials as supports for

enzyme immobilization some basic parameters in the immo-

bilization processes also should be considered, these are the

basis for the selection and subsequent use of derivatives:

immobilization yield, specic activity, recovered activity, effec-

tive catalyst utilization, minimal enzyme deactivation and the

cost-effective of the operations.12,29

As will be shown in this review, there are numerous immo-

bilization techniques, and numerous ways to stabilize the

proposed structures (would be impossible to list them all). This

paper attempts to provide an overview of the use of the nano-

supports in the enzyme immobilization. The authors believe

that keeping in mind the previous concepts related to immo-

bilization, allied with the knowledge of some existing materials,

will help researchers to choose the best method to use in their

work, and possibly some ideas and suggestions for new

immobilization techniques and new nanomaterials can arise

aer reading.

2. Nanomaterials

Based on the advances of nanotechnology, many works have

been developed in order to immobilize enzymes onto surfaces

of nanoscale materials such as nanoparticles, nanotubes,

mesoporous materials and nanobrous membranes,30–32,165c.

Therefore, much has been discussed about the use of nano-

materials and its advantages in the interaction with the bio-

catalyst. Table 1 shows some advantages and disadvantages of

nanomaterials compared to standard porous supports. We will

briey comment some of the points.

Nanomaterials use to be no porous, that makes that all

enzymemolecules are located in the surface of the particle. This

way, internal diffusion limitations are not produced. The

enzymes immobilized on non-porous nanomaterials may be

multipointly attached to the support to increase its stability and

still be able to act in very large or even insoluble materials as

long as the enzyme is properly oriented on the support surface;5

this is not possible using conventional porous supports.6b

However, the immobilization in the external surface of the

support raises some problems that need to be considered. Now

the enzyme is not protected from interactions with hydrophobic

interfaces like gas bubbles, also the enzyme molecules in one

particle may interact with the enzyme molecules in other

particle (permitting proteolysis).33 This may be solved if the

immobilized support is coated with a polymer that prevent this

deleterious interactions, avoiding enzyme inactivation in stirred

systems.6b,33,34

Diffusion limitations use to be a problem that decrease

enzyme expressed activity or even enzyme stability.35 However,

not always the diffusion limitations are an undesired

problem.33,36 For example, the pH gradient occurring in hydro-

lysis of penicillin G by immobilized penicillin G acylase improve

enzyme stability.36 This effect is not possible when using

nanoparticles. Other case where diffusion problems are positive

is in coimmobilized enzymes. The second enzyme, when

coimmobilized, acts on high concentration of the product of the

rst enzyme due to these gradients, and in some cases the

apparent activity of the combi-enzyme catalyst may be greatly

improved.35,36 For example, this permitted a much more effect

recycling of NADH in a three enzymatic system, overpassing

even the sue of equivalent amounts of free enzymes.36b Again,

this effect is not possible using non porous nanomaterials.

Thus, nanomaterials have many advantages, but in certain

cases, the lack of some of the effects of immobilization on

standard porous supports may generate the lack of some

desired effects.

During the current work some examples of nanoparticles use

as support for enzyme immobilization are exposed, and in most

of these cases, the result is positive, but one of the concerns is

the application in large scale. Another problem is the separation

process of these nanoparticles from the reaction medium at the

end of reaction process, that may be very complex and some-

times very expensive decreasing the application.

Nanoparticles usually are in a range of 1–100 nm composed

of several hundreds of atoms,37 or, as in the case of produced by

miniemulsion may reach 500 nm.38 Particles with diameters

smaller than 1 nm are generally referred to clusters of particles.

Nanoparticles with diameter up to 10 nm are particularly

interesting owing it can be considered as almost fully surface,

due all atoms are on surface or near to the surface.37,39

Nanostructures have been reported as supports for enzyme

immobilization by different links including enzyme adsorption,

covalent attachment, enzyme encapsulation, and sophisticated

methods combinations.40 The literature provides a large

number of works in terms of enzyme immobilization,

commercial or not. We can relate different supports used for

this purpose, as well as, coatings and surface functionalization

to make the support most effective in the reaction of interest.

We begin with a brief table, just to give us an initial idea about

the immobilization world. Table 2 provides an overview of

Table 1 Advantages and disadvantages of using nanoimmobilization12

Advantages Disadvantages

Mass transfer resistance Cost of the fabrication process

Effective enzyme loading Large scale application
High surface area Separation of the reactionmedium

Diffusional problems

minimization

—
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nanomaterials what is taking place in recent years regarding the

enzyme immobilization on nanostructures.

Before we begin to study nanomaterials separately, it is

worth remembering that the goals to immobilize an enzyme, is

in nanometric supports or on a larger scale, are to improve the

stability of the enzyme, maintain or improve the activity and

reuse.1–7,35 It should be noted that it is very important to control

the enzyme–support interactions in order to understand the

possible applications and modications that can be made, and

the control the orientation of the enzyme may be very relevant

(large substrates, area involved in the immobilization).5 There

are some cases where the use of nanoparticles as a support is

almost mandatory, for example, large or insoluble substrates, in

cases that avoid using immobilized enzymes on porous

supports.6b

This review presents some data on the use of the following

materials in nanometric scale: polymers, chitosan, magnetic

nanoparticles, śılica, zircônia, gold, graphene, zinc oxide,

hybrid organic–inorganic nanoowers, and some nano-

immobilized enzymes applications.

2.1 Polymers

In the last years, the use of enzymes in industrial processes

became possible due to the increase in the scale up production

and the development of genetic engineering techniques.

However, some factors still limit enzymes application on large

scale, such as low stability, selectivity, and activity of many

biocatalysts.51 In this way, the immobilization process can be an

alternative to the low stability, resistant to solvents, temperature

and pH, make possible the increase of enzyme concentration in

the reaction medium and the biocatalyst reuse.1–7,35

The supports for enzyme immobilization should present

some desired characteristics such as high ability to interact with

enzymes (without signicantly changing its activity), chemical

and mechanical stability/resistance, hydrophobic or hydro-

philic surfaces, dened porous morphology, possibility to

medium-long term storage and low costs.19,51,52 The support can

be a synthetic organic polymer, a biopolymer or an inorganic

polymer.53 Polymeric supports such as poly(styrene),

poly(methyl-methacrylate), poly(acrylates), poly(acrylamide),

poly(urea-urethane) are widely used for enzyme immobiliza-

tion.53 Moreover, the use of inorganic supports, such as silica

gel, aluminum oxide, apatite, and glass, is also common due to

the high mechanical and thermal stability, non-toxic and

resistant to attack by microorganisms and solvents.53

For the polymeric supports, different methods for enzyme

immobilization can be used and are reported in the litera-

ture.19,52–55 Besteti et al.52 reported a combined semi-batch and

suspension-emulsion polymerizations for polymer supports

synthesis used for lipase B from Candida antarctica (CALB)

immobilization, using styrene and methyl methacrylate as

monomers. It was reported that the obtained polymer particles

had core–shell particle structure, with specic areas and

average pore sizes with comparable values with that presented

by commercial support Accurel MP 1000, ranging respectively

from 0.9 to 36.7 m2 g�1 and 141.2 to 354 Å. It was also shown

that produced particles could be used for CALB immobilization,

leading to higher immobilization efficiency and enzyme activity

than obtained by Accurel MP 1000.

Poly(methyl-methacrylate) (PMMA) is appointed as a prom-

ising support for enzyme immobilization. In study reported by

Valério et al.,19 CalB was immobilized on PMMA nanoparticles

obtained by miniemulsion polymerization. The authors evalu-

ated the inuence of the initiator type, the enzyme nature, and

the crodamol concentrations on CalB enzyme immobilization.

The authors conrmed by transmission electron microscopy

(TEM) images the morphology of PMMA–CalB enzyme nano-

particles with PMMA core (darker region) and CalB enzyme on

the surface (brighter region), as shown in Fig. 1 (right superior

insert). The kinetic properties of immobilized CalB enzyme in

PMMA nanoparticles were evaluated in terms of monomer

conversion, particle size, zeta potential, and relative activity.

The immobilized enzyme on PMMA showed a relative activity of

40% aer 20 recycle rounds, while free CalB enzyme showed

a relative enzyme activity of 5% aer 20 recycle rounds, as

shown in Fig. 1.

Cipolatti et al.55 reported the synthesis of PEGylated

poly(urea-urethane) nanoparticles as a new alternative to the

already methods used as support to Candida antarctica (CalB

lipase immobilization by miniemulsion polymerization). The

authors reported that it was possible to obtain a high esteri-

cation activity (21 U mg�1). The nanoparticles size was 158 �

5 nm by using the proposed methodology. In addition, it was

reported that thermal stability of the immobilized enzyme

improved (Fig. 2). Aer 4 h of incubation time, the relative

activity of immobilized enzymes was 67, 25 and 14.8% at 40, 50,

and 60 �C, respectively. On the other hand, the free enzyme

relative activity was lower than 10% at all temperatures. The

authors state that the temperature increase may produce

a slight change in the enzyme conformation,3 producing

a higher activity, as observed aer 6 h of incubation time at

Fig. 1 Recycling study of CalB enzyme: - PMMA–CalB enzyme and
C free CalB enzyme. TEM images of PMMA–CalB enzyme nano-
particles synthesized using 5 wt% crodamol, 10 wt% CalB enzyme and
KPS as initiator (right superior insert).19 This figure has been reproduced
from ref: A. Valério, G. Nicoletti, E. P. Cipolatti, J. L. Ninow, P. H. H.
Araújo, C. Sayer and D. de Oliveira, Appl. Biochem. Biotechnol., 2015,
175, 2961–2971 with permission from Pan Stanford Publishing.
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50 and 60 �C (44 and 36%, respectively), whereas at 40 �C the

observed value of relative activity was 31.9%.

2.2 Chitosan

Chitosan, poly[b-(1-4)-linked-2-amino-2-deoxy-D-glucose], is

a biopolymer derived from deacetylation of chitin.15 Chitosan

can be considered as an attractive support for enzyme immo-

bilization due the presence of reactive surface groups such as

amino and hydroxyl.15 Other favorable characteristics of chito-

san is your biocompatibility and biodegradability, associate

with low cost, since it is the second most abundant biopolymer

in the earth, aer cellulose.15,56–58 Particles of chitosan as

support for enzyme immobilization can be produced in macro,

micro or nanosize scale by precipitation, emulsion cross-linking

and ionic gelation methods, respectively.15,59

Chitosan nanoparticles can also be prepared in water-in-oil

microemulsion as reported by Wu et al.60 that showed the

synthesis of nanoparticles with 7 nm of diameter and a loading

capacity of 156 mg of Candida rugosa lipase per g on the

chitosan nanoparticles. Due to the advantages described above,

some authors have reported the use of chitosan to modify

magnetic particles.61,62 Zang et al.61 linked covalently cellulase

on chitosan coated on Fe3O4 nanoparticles (Fig. 3). The deriv-

ative obtained had a loading capacity of 123 mg g�1 and an

activity of 5.23 IU mg�1 cellulase.

Chitosan based nanomaterials have superior physical and

chemical properties such as high surface area, porosity, tensile

strength, conductivity, photo-luminescent as well as increased

mechanical properties compared to pure chitosan.15 Chitosan

shows special properties such as viscosity, solubility in different

solvents, mucoadhesivity, polyoxysalt formation, polyelectrolyte

behavior, ability to form lms, metal chelations, optical, and

structural characteristics. Furthermore, it is widely used as

support for enzyme immobilization due to its different

geometric congurations, such as powders, akes, hydrogels,

membranes, nanobers and nanoparticles.15,31,63,64

2.3 Polymer nanobers

Polymer nanobers have high potential for enzyme immobili-

zation, in situ formation of nanober reinforcement compos-

ites, biosensors, and biocatalysis/separation. Compared to

typical membranes, nanobers have smaller size (denoting

large specic area) of the ber, higher porosity (higher enzyme

loading per unit mass with reduced diffusion resistance),

higher conductivity and simple fabrication13,65

Zhu and Sun,31 reported covalent immobilization of lipase

from Candida rugosa on nanober membranes of poly(vinyl

alcohol-co-ethylene) activated with glutaraldehyde (PVA-co-PE).

The derivative obtained in this study achieved high enzyme

activity (676.19 U g�1 of the membrane). From scanning elec-

tron microscope images (Fig. 4), the authors conrmed the

morphology of the proposed support, with a diameter range of

50–350 nm, and the morphology aer use in catalysis reaction

(Fig. 4c), conrming the stability of the structure. Additionally

the authors showed that pH tolerance, thermal and storage

stability of the immobilized lipase on PVA-co-PE nanobers

were improved.

In a study performed by Ghosh and coauthors,13 L-aspar-

aginase was immobilized on polyaniline nanobers. The

enzyme activity and stability was enhanced aer immobiliza-

tion process. The maximum enzyme activity was 65 U mg�1 of

Fig. 2 Thermal stability at 40, 50 and 60 �C of free and immobilized
CalB lipase in PEGylated poly(urea-urethane) nanoparticles.55 This
figure has been reproduced from ref: E. P. Cipolatti, A. Valério, G.
Nicoletti, E. Theilacker, P. H. H. Araújo, C. Sayer, J. L. Ninow and D. de
Oliveira, J. Mol. Catal. B Enzym., 2014, 109, 116–121 with permission
from Pan Stanford Publishing.

Fig. 3 TEM images of Fe3O4 (a), Fe3O4–chitosan (b) and immobilized cellulase (c).61 This figure has been reproduced from ref: L. Zang, J. Qiu, X.
Wu, W. Zhang, E. Sakai and Y. Wei, Ind. Eng. Chem. Res., 2014, 53, 3448–3454 with permission from American Chemical Society.
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protein. According to the authors, using 4 : 1, 8 : 1 and 20 : 1 of

support to enzyme ratio, the crystalline size was 8.3, 11.07 and

116.6 nm, respectively.

2.4 Magnetic nanoparticles

Much has been said about magnetic nanoparticles, mainly due

to its mechanical strength and ease recovery from reaction

medium (by apply a magnetic eld).66 Since 1970s, magnetic

particles have increasingly been used in the area of bioscience

andmedicine.67 A very interesting review written by Netto et al.68

addresses some aspects of the superparamagnetic nano-

particles application as efficient supports for enzyme immobi-

lization. Nude magnetic nanoparticles no effectively interact

with protein particle (enzyme), and a surface modication is

required. In the literature some modications used on the

magnetic nanoparticles surface modication are reported as for

example by crosslinking with glutaraldehyde, coating with

polymers,69 coupled with compounds like as agarose,56 use of 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC),70 or as

previously mentioned using chitosan.61

Substantial progress in size and morphology control of

magnetic nanoparticles has been reported by developing

methods such as co-precipitation, thermal decomposition and/

or reduction, micelle synthesis, and hydrothermal synthesis.18 A

recent method, developed by Pospiskova and Safarik71 allowed

the magnetic modication at low temperatures using nano and

micro magnetic iron oxides particles prepared by microwave-

assisted system, led to the magnetization crosslinked trypsin

and lipase powder. Chen et al.56 studied the immobilization of

b-glucosidase on magnetic Fe3O4 nanoparticles (MNPs) coupled

with agarose (AMNPs) synthesized by co-precipitation via alka-

line condition and span-80 surfactants in organic solvent. The

derivative could be reused by 15 cycles, retaining more than

90% of original enzyme activity. Additionally, increased enzyme

thermostability.

The use of functionalized magnetic nanoparticles was also

presented by Soozanipour et al.72 The authors immobilized

xylanase by covalent bonding using silica-coated modied

magnetite nanoparticles by cyanuric chloride activation. Fig. 5

shows a scheme of the method used in the work, Fe3O4@SiO2

represents silica-encapsulated magnetic nanoparticles, that was

modied with (3-aminopropyl) trimethoxysilane (APTES), aer,

cyanuric chloride (CC) was added to facilitate covalent binding

with xylanase.

Raita et al.44 immobilized Thermomyces lanuginosus lipase in

different forms (Fig. 6). Magnetic nanoparticles to immobilize the

lipase were synthesized from four different forms with variation in

covalent linkages and protein crosslinking. Fe3O4 or Fe3O4–APTES

((3-aminopropyl)triethoxysilane) nanoparticles were covalently

coupled with lipase via EDC (1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide) and/or NHS (N-hydroxysuccinimide) as activating

Fig. 4 SEM images of (a) original PVA-co-PE nanofibrousmembrane, (b) lipase immobilized on PVA-co-PE nanofibrousmembrane and (c) lipase
immobilized on PVA-co-PE nanofibrous membrane after catalytic reactions.31 This figure has been reproduced from ref: J. Zhu and G. Sun,
React. Funct. Polym., 2012, 72, 839–845 with permission from Elsevier.
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Fig. 5 Schematic representation of themethod for covalently immobilization of xylanase on functionalizedmagnetic nanoparticles.72 This figure
has been reproduced from ref: A. Soozanipour, A. Taheri-Kafrani and A. Landarani Isfahani, Chem. Eng. J., 2015, 270, 235–243 with permission
from Elsevier.

Fig. 6 Schematic diagram of magnetic nanoparticle lipase immobilization methods.44 This figure has been reproduced from ref: M. Raita, J.
Arnthong, V. Champreda and N. Laosiripojana, Fuel Process. Technol., 2015, 134, 189–197 with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 104675–104692 | 104681
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agent6d with or without protein cross-linking by GA (glutaralde-

hyde), which is a bi-functional protein crosslinker.6c Fe3O4-E

lipase, hydroxyl groups of Fe3O4 nanoparticles were activated by

EDC and subsequently reacted with lipase carboxyl groups, and

enzyme molecules on the biocatalyst surface were further cross-

linked by GA to obtain Fe3O4-E/G. Fe3O4-AP-EN lipase was

prepared by linking lipase carboxyl groups to amino groups of

Fe3O4–APTES activated by EDC and NHS and then further cross-

linked to obtain Fe3O4-AP-EN/G lipase. Considering the results

obtained by the authors, they efficiently developed a method for

Fe3O4-AP-EN-lipase preparation with superior properties to be

used as biocatalyst for biodiesel synthesis.

Nanocrystalline and nanoporous metal oxide surfaces are

also reported as a novel matrices for enzyme immobilization.9

Metallic nanoparticles has a higher magnetization than their

oxidic counterparts do, however, its toxicity and high reactivity

may preclude its application in areas such as biomedicine and

biotechnology. To solve these problems, these nanoparticles

can be coated with polymers or silica.72 However, magnetic

nanoparticles coated with polymers are most unstable at high

temperature, since the intrinsic instability of the polymers is

further adversely affected by the catalytic properties of the

nanoparticles.73

2.5 Silica

Silica (SO2) is also a material that has potential as support for

enzyme immobilization.53 Silica can be classied according to

their physiochemical and morphological characteristics, such

as natural or synthetic, micro-, meso- or macroporous, amor-

phous or crystalline, or with polar properties, with efficient

adsorption sites for enzyme immobilization.74,75,165a,b Meso-

porous silica, nowadays oen referred to nanosilicas, is studied

and has several advantages as supports for enzyme immobili-

zation.53 This particles have uniform pore diameters (2–40 nm),

very high surface areas (300–1500 m2 g�1) and pore volumes (ca.

1 mL g�1), and are inert and stable at elevated temperatures.53 It

should be considered that morphology and particle size of

mesoporous silica materials could also have a pronounced

effect on the protein and enzyme immobilization.76

Silica surface can be easily functionalized, and various

compounds can be used for this purpose, as: polyethyleneglycol

(PEG), polyvinyl alcohol (PVA), casein, gelatin, albumin (egg or

bovine), ionic liquids, among others.53,77 Mohammadi et al.78

immobilized Rhizomucor miehei lipase (RML) covalently on

silica nanoparticles (MCM-41 and SBA-15), functionalized by

glycidyloxypropyl trimethoxysilane. Two different techniques

for RML immobilization were used: (1) reaction of the protein

with surfaces containing epoxy groups, promoting random

immobilization of RML, and (2) immobilization of RML on

partially modied epoxy functionalized nanoparticles in order

to promote oriented protein immobilization.5 The enzyme

derivatives were used in selective hydrolysis of sh oil. The

authors showed that 15% of epoxy group modication in

oriented immobilization procedure decreased the number of

covalent linkage between enzyme and support resulting in

a derivative with lower stability. In contrast, the authors

affirmed that the remarkable improvement in selectivity of sh

oil hydrolysis compensates undesirable decrease of their

stabilities.

Deka et al.76 used cubic mesoporous silica FDU-12 func-

tionalized with tunable content of carboxylic acid (–COOH)

groups for lysozyme immobilization (from hen egg white). The

synthesized particles showed size in a range of 200–400 nm. The

authors obtained high lysozyme adsorption (895 mg g�1), with

good enzymatic activity at different pH values. Furthermore, the

toxicological safety, stability and the possibility of immobilized

enzyme reuse together with the advantages of nanoparticles,

make this type of support attractive to industry.74

An interesting study was published by Kuwahara et al.164a

where the authors investigated the use of Candida antarctica

lipase A (CalA) embedded within silica nanoparticles with oil-

lled core–shell structure (Cal-A@OSN) in transesterication

reactions. The authors affirmed that this proposed structure

showed high catalytic performance both in water and in organic

media with increased stability and recyclability. Additionally,

the methodology is simple, and it appears as a promising

alternative, especially in relation to its reuse capacity. A deeper

study about the Cal-A@OSN was published by the same

group,164b and the inuence of the silicate support and the

performances of the immobilized enzymes were evaluated

conrmed the importance of this heterogeneous biocatalyst.

2.6 Magnetic cross-linked aggregates (mCLEAs)

Magnetic nanoparticles are used also to facilitate the handling

of some biocatalyst that have mechanical properties no very

adequate for the industrial handling, like the case of cross-

linking enzyme aggregates (CLEAS).6b Some authors have

proposed the inclusion of magnetic nanoparticles inside the

CLEAS to facilitate their handling, in some cases this strategy

also permitted to improve the enzyme properties if the nano-

particle interacts with the enzyme molecules.79–81 This tech-

nology is appointed as allowing the production of a robust

catalyst in a simple way, carrier-free immobilization and even

with the possibility of using semipuried enzyme.82,83

Although CLEAs are already broadly applied in many enzy-

matic processes, it presents some handling difficulties for the

biocatalyst recovery.6b CLEAs tends to form stable suspensions

that are difficult separated from the reaction medium by

centrifugation or ltration, and increase the size of the aggre-

gates.80 Furthermore it imply in some problems as internal

mass transfer.6b In this context the combination of magnetic

nanoparticles and CLEAs can work around the problem by ease

the separation, allowing the use of aggregates with reduced

sizes.79–81 Additionally, the high surface area of nanoparticles

increases the enzyme loading, improving its applicability and

stability in continuous processes such as biodiesel

production.84

Cruz-Izquierdo et al.85 developed a method for synthesizing

magnetic cross-linked aggregates (mCLEAs) from magnetic

nanoparticles aminated by glutaraldehyde.6c This methodology

was carried using lipases from Candida antarctica and Asper-

gillus niger; and a-amylase from Bacillus sp. The method
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permitted preparing mCLEAs from any kind of enzymes by

a simple protocol. Bhattacharya and Pletschke86 described the

use of mCLEAs and calcium-mCLEAs as an effective solution for

bioconversion of lignocellulosic materials. The use of CLEAs is

restricted in the bioconversion of lignocellulosic substrates due

the reactional media is composed for insoluble raw substrate,

preventing the enzyme recovery by conventional methods. Thus

mCLEAs from xylanases was applied in the continuous hydro-

lysis of lignocellulose. The mCLEAS were easily recovered from

the reactional media and a high stability was observed. The

reaction was conducted during 136 h at 50 �C and, aer this

time, the magnetic aggregates was successfully recovery

showing 80% activity, against 50% activity for traditional

CLEAs.86

2.7 Zirconia

Zirconia is a polymorphic bioinert material that is seen as an

attractive support for enzyme immobilization due high thermal,

pH and solvent stability.77,87–90 This material has hydroxyl

groups on the surface and can occur in different forms

depending on the temperature changes: monoclinic, tetragonal

and cubic.77,87–90

Guncheva et al.77 synthesized nanostructures from zirconia

(nanoZrO2-CeO2 and nanoZrO2-B) for immobilization of

Candida rugosa lipase. The immobilized enzyme preserved 20%

of initial activity aer six consecutive tributyrin hydrolysis

reaction recycles. Chen et al.91 immobilized lipase from Pseu-

domona cepacia on zirconia nanoparticles modied with

carboxylic acid to use in resolution of (R,S)-1-phenylethanol

through acylation in isooctane. Immobilized lipase on stearic

acid-modied ZrO2 gave the best performance, increasing by

about 10.5 and 16.6 times the initial activity obtained with

lipase loaded onto unmodied ZrO2 and crude lipase powder,

respectively. Masuda et al.92 studied the immobilization of

formaldehyde dehydrogenase (FDH) onto mesoporous silica

(pore size ¼ 12.3 nm). The authors affirmed that the enzyme

immobilized on the mesoporous zirconia material synthesized

using [poly(ethylene glycol)–poly(propylene glycol)–poly

(ethylene glycol) (Pluronic P123, EO20PO70EO20)], zirconium(IV)

n-propoxide (ca. 75% in 1-propanol), acetylacetone, 1,3,5-tri-

methylbenzene, and ethanol, exhibited higher activity than the

enzyme immobilized on mesoporous silica material due to the

increase in substrate affinity resulting from interparticle pore

space.

2.8 Gold

Gold also deserves to be mentioned as support for biocatalysts

immobilization. There is a growing interest in gold nano-

particles in catalysis, although these are not considered prac-

tical supports mainly due to economic issues.93,94 Some

examples of immobilized enzymes on gold nanoparticles are: a-

amilase from Bacillus subtilis,94 Thermomyces lanuginosus xyla-

nase,23 peroxidase from P. chrysosporium,24 cellulase from Tri-

choderma reesei,95 superoxide dismutase (bovine).47 The choice

of using gold nanoparticles as supports should be based on the

nal application, and the use of this high cost support in the

production of compounds with low aggregate value does not

make sense and it should be considered that gold is a metallic

catalyst.

According to Yan et al.,23 gold nanoparticles (NPG) has some

unique characteristics compared with other nanoparticles: (i)

can be easily used and recovered while has a high surface area;

(ii) has an open and bicontinuous porous network structure,

which favors strong adsorption and can afford high enzyme

loading; (iii) structural unit is tunable in a wide range from

a few nanometers to many microns, which ts for a wide range

of enzyme molecules sizes and function; (iv) excellent biocom-

patibility; (v) processed under organic- and surfactant-free

conditions, NPG has extremely clean surfaces, which exclude

the possible of interference effects on enzymes from unwanted

molecules or ions.

Venditti et al.96 studied the immobilization of Candida rugosa

lipase (CRL) on hydrophilic gold nanoparticles functionalized

with 2-diethylaminoethanethiol hydrochloride (DEA) (Au-

DEA@CRL) and with sodium 3-mercapto-1-propanesulfonate

(3MPS) (Au-3MPS@CRL). In their work, the authors showed

a simplied and very interesting scheme showing gold nano-

particles functionalization, making it easy to understand

(Fig. 7). The authors point out that these derivatives could be

promising candidates for applications in industrial processes,

with enzyme activity improvement especially for Au-DEA@CRL,

showing better results in terms of enzyme loading percentage

(65–72%) and residual lipolytic activity (95%), while the Au-

3MPS@CRL showed 53–61% and 45%, respectively. Addition-

ally, the derivative with DEA proved to be more stable,

compared to free CRL, in a temperature range of 20–55 �C and

in a pH range of 5–8.

2.9 Graphene

Graphene lms is the rst material one atom thick isolated in

nature.97 This is one structure extracted from graphite, with

a monolayer of carbon atoms packed into a dense honeycomb

crystal structure, as unrolled single-wall carbon nanotubes or as

a giant at fullerene molecule.98,99 The rst reports of graphene

isolation date from 2004.99 Since then, there is a growing study

of the use of graphene in the immobilization of enzymes mainly

aimed for use in biosensors.100,101 Considering that the direct

electron communication between electrode and enzyme active

center is critical in the development of “reagentless” biosen-

sors, biomedical devices and biofuel cells in order to achieve

high performance, efficiency and simplicity, the nanographene

appears as ideal support, it presents extraordinary electron

transport property and high specic surface area.101

Graphene-based nanomaterials can interact with biomole-

cules mostly through electrostatic, van der Waals forces, p–p

stacking, or hydrophobic interactions.25 Several strategies are

proposed in the literature for enzyme immobilization using

functionalized graphene nanoparticles. The synthesis of gra-

phene by graphene oxide resulting in a graphene with large

content of oxygen functional groups consisting of epoxide,

peroxide, carbonyl (aldehyde, ketone and quinone), and

carboxyl groups.101

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 104675–104692 | 104683
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Jiang et al.102 studied the immobilization of trypsin on den-

drimer graed graphene oxide nanosheets, by covalent binding,

using glutaraldehyde6c as coupling agent. The authors affirmed

that the enzymatic reactor developedmight provide a promising

tool for high throughput proteome identication. Protein could

be efficiently digested, aer only 15 min, with sequence

coverage comparable to that obtained by conventional over-

night in-solution digestion.

Other enzymes such as cellulase have already been immobi-

lized on graphene supports. Nano magnetoresponsive support of

graphene was developed through a supramolecular assembly of

oppositely charged quenched polyelectrolytes and maghemite–

magnetite nanoparticles on 2D graphene supports. The enzyme

Accellerase-1000 was covalently immobilized, showing a marked

improvement bio-receptivity of graphene supports. Additionally,

it was possible to reuse the enzyme for 5 cycles, maintaining 55%

of initial activity.103 Another works studied graphene with glucose

oxidase for applications in biosensors.104,105 The authors point out

that immobilized enzymes in nanographene structures differ

from traditional derivatives in terms of catalytic efficiency, oper-

ational stability, and application potential.25

2.10 Zinc oxide

Zinc oxide (ZnO) with different nanostructures by same or

different fabrication techniques has been widely used for enzyme

immobilization in recent years.106,107 Wet chemical route is quite

a popular method to fabricate various ZnO nanostructures, such

as nanoparticles, nanorods and nanosheets. It has been proposed

to use these ZnO nanostructures as platform for cholesterol

oxidase (ChOx) immobilization via physical adsorption. Nano-

ZnO is nontoxic, biological compatibility, with high catalytic

efficiency, strong adsorption ability, fast electron transfer rate and

relative easy preparation, and can be consider a favorablematerial

for immobilization of biomolecules.106,107

2.11 Hybrid organic–inorganic nanoowers

Recently, a new type of nanomaterial has been described in the

literature as a potential material for the immobilization of

enzymes.108 Flower-like nanomaterials (nanoowers) are nano-

structures from hybrid organic–inorganic materials synthesized

froman inorganic part as ametal ion such copper, manganese, or

calcium, and an organic part like proteins and DNA. As long as

inorganic ower-shaped structures have been used a long time

for application in catalysis and analytical science, the organic–

inorganic nanoowers are not long ago reported.108 Hybrid

nanoowers (HNFs) have demonstrating some advantages due

the conventional immobilizationmethods, like their simplicity of

synthesis, a greater surface area than spherical nanoparticles,

and a higher stability and catalytic activity when compared to free

enzymes and immobilized enzymes. The ve most important

kinds of HNFs are protein-copper, calcium-protein, protein-

manganese, copper-DNA, and capsular nanoowers.108

One of the rsts protocols for hybrid structures from copper/

enzymes were proposed for Ge et al.108e, that studied the nano-

owers formation when accidentally added CuSO4 to phosphate

buffered saline containing bovine serum at pH 7.4 at room

Fig. 7 Schematic synthesis of AuNPs stabilized with DEA and 3MPS.96 This figure has been reproduced from ref: I. Venditti, C. Palocci, L.
Chronopoulou, I. Fratoddi, L. Fontana, M. Diociaiuti and M. Vittoria, 2015, 131, 93–101 with permission from Elsevier.
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temperature. Aer three days a precipitate was formed and

analyzed, showed microstructures like owers and a protocol

using copper(II) ions and another enzymes as a-lactalbumin,

laccase, carbonic anhydride and lipases was immobilized

replaced the BSA (Fig. 8). The authors reported improvements of

650% increase for lacasse nanoower activity compared with

free laccase in solution; 260% increased activity for carbonic

anhydrase nanoower compared with free enzyme in the

hydration of CO2; and 95% for lipases nanoowers compared to

the activity of free lipase.

Another application as dye adsorption carrier and catalase

immobilization were studied for Wang et al.109 They described

the synthesis of chitosan/calcium pyrophosphate microowers

made by a one-pot synthesis using a combination of ionotropic

gelation with biomimetic mineralization. The chitosan–tripo-

lyphosphate (CS-TPP) nanocomplexes were rstly synthesized

through ionotropic gelation, while the excess of TPP was partly

hydrolyzed into P2O7
4� ions. Aer, a solution of CaCl2 was

applied to induce in situmineralization of Ca2P2O7 and to direct

the growth of the microowers. The nal structures showed

a composition of 23% CS-TPP nanocomplexes and 77% of

Ca2P2O7 crystals. These microstructures were applied for the

removal of Congo red from water and they had a high adsorp-

tion capacity of 520 mg g�1 for Congo red dye. In the catalase

immobilization the enzymatic derivate retained 85% catalytic

activity compared with the free enzyme and a reusability of 10

cycles retained 60% their initial activity.

Immobilization process is not the assurance of immobilized

enzyme success but the knowledge of the dynamic interaction

between enzyme and solid support interfaces is an important

key to help the development and control of reaction rates using

immobilized enzyme. Nanotechnology has opened a new fron-

tier in the development of polymeric supports for enzyme

immobilization. A wide range of reports are described in the

academic literature and it is possible to see that enzyme

immobilization in a polymeric matrix can provide good enzyme

stability, as well good support to cycles of reuse (see the Refer-

ence list). In this sense, the choice of a support may not be

based only on its cost but should also be consider the oppor-

tunity that it will give to the selection of optimal operating

conditions range or to decide upon the feasibility of different

process options.

3. Nanoimmobilized enzymes
applications

Immobilized enzymes on nanostructures have numerous

applications.110,111 With the goal of showing the perspectives of

obtaining these biocatalysts, some products of scientic and

industrial interest are described below.

3.1 Modication of cellulose and other polysaccharides in

precipitated systems

Lignocellulose, main component materials such as wood and

agricultural residues, forestry, urban, is formed primarily by

three types of polymers: cellulose, hemicellulose and lignin. Its

hydrolysis to produce bioethanol (from glucose fermentation) is

growing.112 This way, the study of the immobilization of

microbial enzymes responsible for the degradation of plant cell

wall components becomes very interesting,113,114 as immobili-

zation permits the improvement of enzyme features.1–7

Fig. 8 SEM images of hybrid nanoflowers (a–l), Column 1, a-lactalbumin; column 2, laccase; column 3, carbonic anhydrase; column 4, lipase; at
protein concentrations of 0.5 mgml�1 (a–d), 0.1 mgml�1 (e–h) and 0.02 mgml�1 (i–l)108a. This figure has reproduced from ref: J. Ge, J. Lei and R.
N. Zare, Nat. Nanotechnol., 2012, 7, 428–43 with permission from Nature Publishing Group.
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However, cellulose is a solid material and therefore, conven-

tional porous supports may be not used in this instance. In

these cases, the high external surface area of the nanocatalysts,

which allows for better interaction with the substrate are almost

the only alternative to immobilize enzymes in preexisting

solids.6b

Abraham and coauthors112 studied the immobilization of

cellulase from Trichoderma reesei on amagnetic nanosupport by

covalent binding achieved and used to investigate the hydro-

lysis of a synthetic carboxymethyl cellulose (CMC) and a natural

pretreated substrate hemp hurd biomass (HHB). Immobiliza-

tion of cellulase can facilitate enzyme recycling in a sequential

batch-wise process. The immobilized enzyme was stable for up

to seven consecutive cycles at 60 �C of CMC hydrolysis for

30 min. The immobilized cellulase provided successful hydro-

lysis of 83% with CMC and 93% with hemp hurd biomass.

Commercial cellulases is usually a complex mixture of

a variety of hydrolytic enzymes (C1 enzyme, Cx enzyme, and

b-glucoside enzyme), and it can be immobilized efficiently in

several nanosupports aiming numerous applications, like:

aminated Fe3O4 nanoparticles for decomposition of corncob,115

silica through the assistance of L-cysteine functionalized gold

nano-particle for the hydrolysis of waste bamboo chopsticks

powder,116 polyvinyl alcohol/Fe2O3 magnetic nanoparticle for

degrade cellulose117 among others.

Other interesting use of nanobiocatalyst is the clarication

of juices. Considering the importance of degradation of starch

and pectin in the juice processing, an amino functionalized

magnetic nanoparticle was used to co-immobilize all enzymes

involved in the reaction (alpha-amylase, cellulase, pectinase

and cellulase).115 In this study, the authors stabilized the

structure of the immobilized enzymes with glutaraldehyde,6c

and indicated this magnetic nanobiocatalyst as promising

industrial one due to their high thermal stability and possibility

of recycling (eight cycles).115

3.2 Biodiesel production

Biodiesel, a mixture of fatty acid alkyl esters (FAAE), is a biode-

gradable fuel derived from renewable sources such as vegetable

oils and animal fats.118,119 The production of this biofuel by

immobilized enzymes is an interesting technological alternative

because it meets the demand for cleaner processes and is more

selective compared to traditional chemical catalysts using

NaOH, KOH or sodium methoxide. Another advantage of using

lipases as catalyst for biodiesel production is that different

alcohols can be applied as feedstock, such as methanol,

ethanol, propanol, isopropanol, butanol and isobutanol, and

also free fatty acids may be present.118,119

The use of immobilized lipases in biodiesel production is

a known methodology, since it shows great potential for

industrial application. In the literature, numerous lipase

immobilization strategies for use in biodiesel production

are described. Reactors like stirred tank, packed-bed, airli

and other heterogeneous reactors are used in trans-

esterication reactions using immobilized enzymes for bio-

diesel production.120

Cellulases and lipases are the primary candidates for large-

scale implementation of enzymatic biofuel production.121 Mac-

Ario et al.122 reported the application of encapsulated liposome

and lipase from Rhizomucor miehei on hybrid-nanospheres with

90% of immobilization efficiency for biodiesel production. The

authors used commercial triolein (60%) as substrate, prepared

heterogeneous biocatalysts (10 wt% with respect to triolein) and

methanol (molar ratio oil : methanol 1 : 6). The reaction system

was stirred at 350 rpm and kept at 37 �C. The immobilized

enzyme kept the activity aer 5 reactions cycle, with biodiesel

yield between 89% and 98%.

Raita et al.44 also reported the use of lipase for biodiesel

production. The authors used immobilized Thermomyces lanu-

ginosus lipase onmagnetic nanoparticle using different covalent

linkage (as seen in Fig. 6). For the standard reaction, 250 mg of

rened palm oil (RPO) and methanol was reacted in a molar

ratio of 4 : 1 MeOH/FFAs in the presence of 1 : 1 (v/v) t-BuOH to

RPO. The magnetic nanoparticle lipase was added at 20% (w/w

based on RPO). The reaction was kept at 50 �C for 6–24 h at

40 rpm. Central composite design was used to optimize the

reaction, which identied the following optimal parameters:

23.2% w/w enzyme loading and 4.7 : 1 methanol to FFAs molar

ratio with 3.4% water content in the presence of 1 : 1 (v/v) tert-

butanol to palm oil, leading to 97.2% FAME yield aer incu-

bation at 50 �C for 24 h. The biocatalyst was recycled for at least

5 consecutive recycles with 80% of activity remaining.

Although the use of immobilized enzymes nanostructures is

promising, the improvement in the activity and stability of

enzymes for hydrolysis and esterication reactions, the use of

nanomaterial-bound enzyme-catalyzed biofuel production is

necessary. The literature also point that the use of co-

immobilization of multienzymes in nanomaterials could facil-

itate the application of various enzymes in hydrolyzing complex

substrates for biofuel production.121,123

3.3 Synthesis of avor esters

Esters are important organic compounds obtained by chemical

synthesis (esterication, transesterication or interesterication)

or derived from some natural products. It is known that enzy-

matic processes are conducted at mild conditions of pressure,

temperature and pH compared to processes using inorganic

catalysts.124,125 The advantages far commented in the use of

immobilized enzymes on nanomaterials are also mentioned for

esters production, and lipases are the most used enzymes in this

area. An important advantage is that the esters synthesized by

fermentation or using enzyme as a catalyst can be considered as

natural, becoming commercially attractive.125,126 The synthesis of

an important avor and fragrance ester compound used in food,

pharmaceutical and cosmetic industries was reported by Gupta

et al.127 They studied Thermomyces lanuginosus lipase (TLL)

immobilized on electrospun polyacrylonitrile nanober

membrane (PANNFM) for geranyl acetate synthesis using gera-

niol, acyl donor, and vinyl acetate as substrates in an organic

media. TLL enzyme was immobilized by physical adsorption and

covalent bonding on the support. The optimum conditions for

immobilization in both cases were 90–150 min, 45 �C, and
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protein concentration of 2 mgmL�1, achieving conversion values

of 90% in the physical adsorption case and 66% for covalent

bonding technique showing higher operational stability.

Mahmood and coauthors27 synthetized ethyl isovalerate

derivative from valeric acid, mainly found in fruits (one of the

principal component of blueberry). They immobilized Candida

rugosa lipase on gum arabic coatedmagnetic Fe3O4 nanoparticles

(GAMNP). For this purpose, the enzyme surface was initially

coated with different surfactants to stabilize enzyme in its open

form, and then immobilized on the support. The authors affirm

that this immobilization protocol improves enzyme activity and

stability for enhanced ethyl isovalerate synthesis.

Guncheva et al.128 studied the synthesis of isoamyl acetate

(banana avor) by of Candida rugosa lipase immobilization on

nanostructured tin dioxide (nano-SnO2-CRL). The immobiliza-

tion parameters were compared with the same enzyme on

polypropylene (PP-CRL). According to the results nano-SnO2-

CRL has shown a specic activity eight times higher than that

found for PP-CRL. The obtained results showed that the use of

nanostructured tin dioxide result in a derivative more tolerant

toward the reaction medium and can be applied in synthetic

reactions in the presence of organic solvents.

3.4 Biosensors

Biosensors also called bioelectrodes in the 80s, enzymatic

electrodes or biocatalytic membrane electrodes, has attracted

the interest of the scientic community for the selection of the

most important analytical technologies and clearly the progress

in the miniaturization of the materials.129 Only in 2007, aer US

investment in approximately $11 billion in research and

development of a variety of applications (biodefense, medical

and pharmaceutical research, food and beverage and environ-

mental monitoring) is that the biosensors were properly valued.

The biosensor was rst proposed in 1962 by Clark and Lyons, an

enzymatic amperometric biosensor used for glucose detecting

via enzyme glucose oxidase (GOx).130,131 Because of the versatility

of biosensors, there was a signicant increase in their use in

a varied eld of science in recent decades.

Biosensors are analytical tools that use a bioactive element

(enzymes, antibodies, DNA, microorganism, fabric, organelles)

and an electrical transducer for the detection or quantication

of substances in various elds of knowledge, for example:

disease diagnosis and environmental monitoring.130–133 The

purpose of the biosensor is to produce an electrical signal that is

proportional in magnitude or frequency to the concentration of

analyte. The biolayer including bioreceptor element is immo-

bilized on the biosensor substrate, usually nanoparticle, clay or

polymers.134–136 The immobilization plays an important role in

determining the overall performance of a biosensor. An inter-

esting review published by Holzinger and coauthors137 report

some particles used in biosensors, such as gold nanoparticles,

semi-conductor quantum dots, polymer nanoparticles, carbon

nanotubes, nanodiamonds, and graphene.

Signicant progress was achieved in synthetic approaches to

prepare nanomaterials with desired properties, such as

controllable size, shape, surface charge and physicochemical

characteristics. These features make it possible to integrate

nanomaterials to biosensors for any required function, a fact

that has led to an increased use of nanomaterials in biosensors,

especially the electrochemical.138–143

When the analyte contacts the bioreceptor immobilized on

the surface of the biosensor produces a physical-chemical

modication (e.g. changing the concentration of protons, gas

emissions, emission or absorption of light, heat release,

increased receptor mass and/or alteration of the analyte oxida-

tion state), which are read and processed by the converter into

a measurable signal (e.g. variation in current, potential, heat

resistance, refractive index, capacitance, etc.) that can be iden-

tied by an electric transducer. The resulting electrical signal is

then acquired and processed, and then the data acquisition

system informs the user whether analyte is detected or not and

its sample concentration (Fig. 9).144–146

The biological element recognition or bioreceptor is the

most important component of the biosensor device. The bio-

receptor is the key for specicity and is classied according to

several different groups as shown in the Fig. 10. Its function is

to transmit selectivity for the biosensor. Generally, the major

classes of biosensors are distinguished from another by the

process of nature and in terms of its biological or biochemical

component, e.g. biocatalytic (enzyme), immune (antibody) and

nucleic acid (DNA).145,147–153

Among the various biosensors, enzyme electrochemical used

in the diagnostic area is the most commercialized, powered by

glucose sensors for medical and food purposes. Although other

major markets are being envisioned, such as nucleic acid

biosensor for DNA detection, detection of lactate, cholesterol,

ethanol, mycotoxins and heavy metals.148,154–157

Many studies have been devoted to improve the electron

transfer rates to increase the electrochemical efficacy of

enzymes.139,148,152,153 However, many have not been focused on

stabilizing the enzyme activity, which is critical point for

successful use of enzymatic electrodes142,158,.

Zhang et al. (2010)159 constructed a biosensor by electro-

chemical adsorption of glucose oxidase in microporous poly-

acrylonitrile. However, the sensitivity and stability of the

obtained biosensor were not satisfactory, probably due to the

hydrophobicity of the host organic polymer.160 Recently, an

ultra-sensitive cholesterol biosensor was developed using ZnO

nanostructure, in which cholesterol oxidase (ChOx) was

immobilized to the surface of modied electrode via physical

adsorption followed by covering of Naon solution. Such

biosensor exhibited a very high and reproducible sensitivity of

61.7 mA cm�2 mM with a Michaelis–Menten constant (KM) of

2.57 mM and fast response time of 5 s.161,162

There are many challenges faced towards practical applica-

tions of biosensors. For example, the construction of

a biosensor with a low cost is still essential when considering

commercial devices. The main eld of application of biosensors

is still the medical diagnostic devices for commercial. Biosen-

sors in other areas, such as food and ecology industry, needed to

be explored more deeply. There are also challenges to nd ways

to improve the performance criteria including high sensitivity,

wider linear range, lower limit of detection, rapid response and

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 104675–104692 | 104687
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repetitive. The research now still retains continuing to investi-

gate the most effective ways to build electrochemical biosensors

based on enzymes with more perfect performance.

The development of biosensors based on enzyme immobi-

lization appeared to solve various problems, such as loss of

enzyme (especially for enzymes with a high cost), maintenance

of enzyme stability and shelf life of the biosensor, and addi-

tionally to reduce the enzymatic response time and provide

disposable devices capable of being easily used in stationary

systems or continuous ow systems.163 Face new challenges and

believe in advancing the development of nanotechnology also in

the area of nanoscale optical bers can be the solution to many

problems faced today, especially the biosensor response time.

4. Trends

Enzyme immobilization remains an area of great interest both,

in scientic community or in industrial sector. The advantages

combined to choose the ideal technique to enzyme immobili-

zation, and their interaction with the substrate must be taken

into consideration in applying the method of immobilization,

as well as the reaction that it will be applied and the costs

involved in the nal product. In addition, with the growing

attention paid to cascade enzymatic reaction and in vitro

synthetic biology, it is possible that co-immobilization of multi-

enzymes could be achieved on these nanoparticles.9 With the

advancement of the media development of techniques, many

materials and combinations of materials have emerged as

promising options in immobilization of enzymes.164c,d,e

The universe of possibilities to enzyme immobilization is so

vast that it is impossible to cite all existing types of particles and

procedures used in immobilization. We highlight some of them

in this review. Although there are many works, the interest is

growing, which can be seen in search engines due the special

interesting features related to the nanoparticles. Improve bio-

catalyst features in order to increase productivity in the nal

reaction and process cost reduction is main goals of immobili-

zation. Combine an efficient catalyst in a process that stimulates

the production can improve the obtaining interest product. The

authors believe that the choice of nanoparticle as support to be

used depends directly of the reaction in which it will be used. In

addition, acquaintance of the enzyme properties in question,

enzyme stability and process characteristics, as pH and temper-

ature, are very important for further application. Considering the

aspects cited in this review, researchers should consider the use

of immobilized enzyme on nanoparticles in their reactions.

Fig. 9 Simplified schememagnetically labeled biomolecule detection. The 3rd generation of biosensors involves an enzyme interaction with the
electrode by enzyme co-immobilizing and directly measurement onto electrode surface or in an adjacent matrix such as a conductive polymer
film. The magnetic label functionalized with biomolecule (enzyme) interacts with the biomolecule complementary (substrate) at the magne-
toresistive sensing surface. The resulting fringe magnetic field changes the resistance of the magnetoresistive sensor, which is measured by
voltage change (DV) at fixed sensing current (I). The electronically switchable properties of semiconducting nanocompound allow for direct and
label-free electrochemical detection (figure by author).

Fig. 10 Elements and components of a typical biosensor (figure by author).
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