
Biomolecules Immobilized Nanomaterials
and Their Biological Applications 5
Ashish K. Shukla, Mohini Verma, and Amitabha Acharya

Contents
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2 Methods of Immobilization and Their Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2.1 Covalent Attachment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.2 Physical Adsorption and Entrapment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.3 Cross-linking Attachment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2.4 Affinity Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Physicochemical Properties of Biomolecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3.1 Kinetic Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.3.2 pH and Temperature Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.3 Redox Potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.4 Biomolecules Immobilized on Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.4.1 Enzyme and Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.4.2 Nucleic Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.4.3 Peptide and Lectins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.5 Biological Applications of Immobilized Biomolecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.5.1 Biosensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.5.2 Bioimaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.5.3 Therapeutics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.5.4 Food Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.5.5 Tissue Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.6 Emerging Approach of Immobilized Biomolecules as Nanozyme . . . . . . . . . . . . . . . . . . . . . . . . 94
5.7 Conclusion and Future Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

A. K. Shukla · M. Verma · A. Acharya (*)
Biotechnology Division, CSIR-Institute of Himalayan Bioresource Technology (CSIR-IHBT),
Palampur, India

Academy of Scientific and Innovative Research (AcSIR), CSIR-Institute of Himalayan Bioresource
Technology (CSIR-IHBT), Palampur, India
e-mail: amitabha@ihbt.res.in

# Springer Nature Singapore Pte Ltd. 2020
A. Acharya (ed.), Nanomaterial - Based Biomedical Applications in Molecular
Imaging, Diagnostics and Therapy, https://doi.org/10.1007/978-981-15-4280-0_5

79

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4280-0_5&domain=pdf
mailto:amitabha@ihbt.res.in
https://doi.org/10.1007/978-981-15-4280-0_5


Abstract

Biomolecules are the key factors for most of the biological processes. Immobili-
zation is an impressive technique which is used to stabilize free biomolecules in
solution. Immobilized biomolecules are more robust and more resistant to envi-
ronmental changes. The main objective of the immobilization of biomolecules,
namely., enzymes, is to enhance the economics of biocatalysis processes. Addi-
tionally, immobilization improves many properties of enzymes such as perfor-
mance in organic solvents, pH tolerance, heat stability, and functional stability.
More importantly, the heterogeneity of the immobilized biomolecule systems
allows an easy recovery of both biomolecules and products, multiple reuse,
continuous operation of enzymatic processes, rapid termination of reactions,
and greater variety of bioreactor designs. This chapter presents an overview of
the recent literature reports for biomolecule immobilization on nanomaterial
surfaces by various techniques. It also demonstrates the need for immobilization
and different applications at various platform.
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Abbreviations

AMP Antimicrobial peptide
AuNPs Gold nanoparticles
CLE Cross-linking enzymes
CLEAs Cross-linked enzyme aggregations
dsDNA Double-stranded deoxyribonucleic acid
EDC Ethyl (dimethylaminopropyl) carbodiimide
FRET Förster resonance energy transfer
HDAC Histone deacetylase
MCH 6-mercato-1-hexanol
MNPs Magnetic nanoparticles
MWCNTs Multiwalled carbon nanotubes
NHS N-hydroxysuccinimide
NMs Nanomaterials
NPs Nanoparticles
PEG Polyethylene glycol
R & D Research and development
SI-ATRP Surface-initiated atom-transfer radical polymerization
ssDNA Single-stranded deoxyribonucleic acid
SWCNTs Single-walled carbon nanotubes
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5.1 Introduction

Biomacromolecules, namely lipids, proteins, enzymes, and nucleic acids, are the
most important systemic unit of cells. These show unique properties which majorly
contribute as the center stage for different biochemical and physiological process of
cells (Jia et al. 2018). With significant enhancement in R & D activities,
biomacromolecules have been needed for various biomedical as well as industrial
field. In the late 1920, the first enzyme immobilization (invertase) was reported by
Nelson and Griffin on artificial aluminum hydroxide as a base via physical adsorp-
tion, which captured the interest of researchers to develop innovative strategies for
immobilization (Zhang et al. 2015). Therefore, during 1920–1960, a lot of new and
advantageous immobilization techniques were developed, for example, physical
adsorption, covalent attachment, entrapment and encapsulation, and cross-linking
attachment, etc., for the improvement of enzyme stability and productivity. Since
1960, these methods and processes were modified and applied at industrial and
laboratory scale to improve the stability and activity of different biomolecules. But,
few major challenges for using these molecules in artificial surroundings still remain,
namely very limited use, problem in their upscaling, minimal recovery process,
thermal and physiological instability, poor in vitro reaction ability, and poor binding
efficiency toward substrate (Cao et al. 2003). Hence, there is an urgent need for
alternative technologies to combat all these limitations. Product purification and
repetitive usage of enzymes in long-term reaction followed by their recovery is also a
big challenge for industrial applications. To overcome these obstacles, immobiliza-
tion technique is the only preferred technology to economize the processed
biomolecules on nanomaterial surface to improve stability, reusability, selectivity,
and cost effectiveness (Ansari and Husain 2012; Brady and Jordaan 2009).
Nanomaterials (NMs) act as a fruitful base or support for immobilization process,
due to their various advantages such as large surface area to volume ratio, stabilizing
biocatalysts efficiency, strong chemical as well as physical properties, etc. (Walia
et al. 2019). Diffusion is a major problem in which there is high chances of substrate
diffusion from reaction media. Additionally, many other obstacles are present during
immobilization process, for example, false orientation and loss of catalytic activity
of biomolecules (i.e., enzymes, proteins, ssDNA, etc.). Nowadays, nanoparticles are
being used as a model system to combat the diffusion problems during immobiliza-
tion process (Ansari and Husain 2012). Hence, the advantageous properties of NMs
combine with innovative techniques would be an ideal approach. Here, in this
chapter, we have described the advantages of different immobilization processes
and their impact on related biological activities.

5.2 Methods of Immobilization and Their Advantages

The proper selection of immobilization method is the only key to overcome the
limitation of biomolecules’ unstability. In a specific reaction, it plays censorious role
in evaluation of biomolecules activity and their characteristic features. The overall
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system requires a better activity, performance, reusability, minimal cost of the
process, and minimal toxicity. There are a lot of methods available for immobiliza-
tion process, for example, covalent attachment, physical adsorption and entrapment,
affinity tag approach, polymer cross-linking, etc. (Pundir 2015). Features of different
immobilization techniques are shown in Fig. 5.1.

Fig. 5.1 (a) Schematic diagram showing different features of biomolecules immobilization and (b)
their applications
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5.2.1 Covalent Attachment

Covalent attachment is a process in which biomolecules are attached to a specific
insoluble or soluble base with the help of chemically active functional moiety. This
technique is highly useful due to its robust advantage over biomolecule leakage and
instability (Pundir 2015). Major advantages of this techniques are strong binding
capability of substrate to biomolecule, high heat stability, flexibility of design, and
wide range of modifications that can be done via click chemistry. Click chemistry
does not only rule the era of covalent immobilization but also gives the strong
perspective for rapid and stable immobilization of biomolecules on NMs surface
(Nemzer et al. 2010). Various literature reports suggest that stimulation of NMs
surface via active chemical moiety is the most important factor which gives direction
for enzymes and protein immobilization (Secundo 2013). Similar to non-covalent
immobilization, it can be used for unmodified biomolecules too, which only rely on
natural functional moiety. For example, if proteins are exposed to any ester active
support, they can readily react and form unstable conjugation in aqueous environ-
ment and undergo ester hydrolysis due to nucleophilicity of thiol (from cysteine) in
aqueous media. To overcome this disadvantage, an aldehyde group can be coupled
with amine group of proteins in the presence of ß-mercaptoethanol or sodium
borohydride for the formation of stable secondary amide linkage (Homaei et al.
2013). Based on thiol reactivity toward biomolecules and metallic nanoparticles
nowadays, chemisorption is widely used for covalent immobilization. For example,
single strand DNA (ssDNA) was covalently attached on gold nanoparticles (AuNPs)
via chemisorption process (Li et al. 2007; Yu et al. 2013). Template-mediated
covalent attachment is also widely used for oligomers immobilization, that is, two
different templates containing phenol and benzene are covalently attached with
oligomers via copper-catalyzed azide–alkyne cycloaddition (Núñez-Villanueva
et al. 2019). Biomolecules like enzymes and proteins are well known for their
therapeutic activities such as cancer treatment, treatment of genetic disorder, as
food and nutritional supplements, etc. Hence, it is most important to maintain the
stability and native activity of biomolecules. PEGylation of L-asparaginase via
covalent attachment reduces its immunogenicity and short half-life along with
high maximum saturation velocity (Vmax) and Michaelis constant (Km) (Meneguetti
et al. 2019). Venditti et al. immobilized lipase on hydrophilic AuNPs via covalent
attachment with high residual activity and loading capability of ~95% and 65–70%,
respectively (Venditti et al. 2015).

5.2.2 Physical Adsorption and Entrapment

Unlike covalent attachment, physical adsorption is a process in which biomolecules
are adsorbed on NMs surface via electrostatic interaction, van der Waals forces,
hydrogen bonding, etc. between immobilizing biomolecules and NMs (Li et al.
2007). It can minimize the deactivation of biomolecules which is often caused by
covalent chemical modification during immobilization process. Nitrocellulose
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membranes or hydrophobic polymer–coated substrates are majorly involved in this
technique (Sharma et al. 2014). The advantages of using this technique is that neither
does it involve any reducing agents nor does it require any modified biomolecules.
However, the major disadvantage of this technique is involvement of weak and
reversible interactions as compared to covalent immobilization. Hence, due to this
poor attachment ability, biomolecules could be leached out from substrate, which
results in contamination and loss of activity of immobilized assembly (Wang et al.
2015a, b). Ionic hydrogels are widely used in this technique. Based on hydrophobic
and hydrogen bond interactions, these immobilizes biomolecules in the pattern of
polymer. This noncovalent immobilization of biomolecules is affected by pH,
temperature, concentration, and physicochemical properties of reaction mixture,
etc. (Cacicedo et al. 2019).

5.2.3 Cross-linking Attachment

A carrier-free attachment in which biomolecules are immobilized via bifunctional
cross-linking agents is known as cross-linking immobilization, that is, cross-linking
enzymes (CLE) (Cipolatti et al. 2014). This is a simple process for immobilization
without using any support materials as compared to covalent and noncovalent
immobilization techniques. So, these are mostly used in the form of sol–gel–sol,
hydrogel, gelatinous matrix, etc. As per the literature reports, there are various
strategies which produce stable, highly efficient, and low-cost immobilization of
enzymes and proteins via cross-linking approach (Cacicedo et al. 2019; Cipolatti
et al. 2014). The commonly used cross-linker is glutaraldehyde in which two end
aldehyde groups freely react with amino group of biomolecules (Hartmann and
Kostrov 2013). This approach results in gelatinous immobilization of biomolecules
which cannot be specifically controlled due to improper aggregation of immobilized
enzymes. There are various reports suggesting that cross-linked enzyme
aggregations (CLEAs) physically aggregate enzymes in the aqueous solvent via
water miscible solvents, salts, and non-ionic polymer addition (Rodrigues et al.
2013). Chitosan-coated magnetic nanomaterials have been recently used for cross-
linking immobilization of enzymes with enhanced biological activity (Díaz-
Hernández et al. 2018; Khoshnevisan et al. 2019).

5.2.4 Affinity Tagging

Affinity tagging is an innovative approach mainly used in protein–protein or
protein–molecule interactions in a specific orientation (Hood et al. 2014). Biotin-
and streptavidin-mediated conjugation of proteins with metallic NMs is widely
explored in sensing applications. Inorganic NPs are widely chosen for bioaffinity
interaction with various biomolecules namely proteins, peptides, ssDNA, and lectins
along with few of the enzymes (Compostella et al. 2017). Bioaffinity interactions of
protein–NPs have gained a lot of attention recently. This type of interaction
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influenced by physicochemical properties of NPs such as hydrophobicity, surface
charge, shape, and size, etc. (Dar et al. 2019). Nowadays, proteins or peptide–NPs
interaction are widely used in nanomedicine applications due to versatile properties
of biological peptide-mediated stealth effect and biocompatibility. Hence, these nano
assemblies work as a tool for targeted delivery of nanoparticles without immune
system detection. Most of the NMs, that is mesoporous silica NPs, liposomes,
polymeric NMs, AuNPs, magnetic NPs, etc., are used in protein–NPs–based
nanomedicine development (Spicer et al. 2018). The different physicochemical
properties which affect the immobilization and catalytic activity of the biomolecules
have been discussed in the following section.

5.3 Physicochemical Properties of Biomolecules

Physicochemical properties are the most important parameters to optimize the effect
of the surface on biomolecule conjugation. Here, we briefly discuss about the
importance of thermodynamic process as aid to understand the biomolecules–NMs
interaction. Thermodynamics of reaction determines how ligand and receptors act
during any interaction. The standard thermodynamic equation which characterize the
steps of biomolecules–NMs conjugates is as follows:

ΔrG0
agg ¼ ΔrG0

rel þ ΔrG0
bind þ ΔrG0

conj ð5:1Þ
where, ΔrG0

rel is the standard Gibbs free energy change of released biomolecules
from bioconjugates, ΔrG0

bind is binding of free biomolecules to the substrate, and
ΔrG0

conj is the conjugation of substrate biomolecules to NMs (Rodriguez-Quijada
et al. 2018).

5.3.1 Kinetic Parameters

Kinetic parameter describes the behavior of biomolecule binding with substrate.
There are two well-known standard equations (Michaelis–Menten and Briggs–
Haldane) which describe the dependency of biomolecule-catalyzed reaction rate
on the substrate concentration via two parameters, namely, the catalytic constant
(kcat) and Michaelis–Menten constant (Km). The maximum rate of reaction at
saturated substrate concentration is determined via kcat estimation, whereas, Km is
the substrate concentration at which the rate of reaction is half of the maximum
velocity (Vmax) of reaction. These two parameters can be easily characterized by
Lineweaver–Burk plot via linear transformation (Choi et al. 2017). Rodrigues et al.
explained the factors which affect the kinetic parameters of bioconjugates, namely,
rigidification, effect of medium, effect of substrate or product partition, diffusional
limitations, and mixture of biomolecules and their environment. An improper
immobilization methodology produces strong rigidity in biomolecule structure due
to multipoint covalent attachments, which facilitate structural deformities in
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conjugated biomolecules (Rodrigues et al. 2013). Generally, biomolecules are
always immobilized in the presence of the substrate so that active sites are not
hampered. In the presence of inactivating agents such as hydrogen peroxide, free
radicals, dissolved gases, organic solvents, etc., immobilized biomolecules signifi-
cantly affect the soluble environment. This facilitates disturbance in the hydrophilic–
lipophilic balance of working mixture of bioconjugates. So to minimize or stabilize
the medium effect, biomolecules were further modified using suitable polymers
(Brady and Jordaan 2009).

5.3.2 pH and Temperature Dependence

The milieu of biomolecule immobilization plays an important role in maintaining the
integrity of biomolecules on solid substrate. pH changes in reaction mixture affect
the active confirmation of biomolecules immobilized on substrate. The microenvi-
ronment of the immobilized biomolecules and reaction mixture usually has unequal
partitioning of H+ and OH� concentrations due to electrostatic interactions with the
substrate, which often leads to the change in the pH activity profile. The pH effect on
the activity of free and immobilized laccase was examined in the pH range 2.0–7.0 at
30 �C. The optimum pH for free laccase activity was found at pH 4.0 which was
similar to that reported previously. On the other hand, the optimum pH for
immobilized laccase activity was found to shift to pH 5.0 and the thermal stability
also shifted to 60 �C (Mazlan and Hanifah 2017). Immobilization of laccase on
nanofiber matrix broaden the pH range, which suggests that immobilization process
protects enzyme activity in a wider pH range (Fatarella et al. 2014). Garg et al.
examined the pH dependent immobilization of urease on glutathione-modified
AuNPs. Immobilized urease retained higher enzymatic activity at pH 7.4 as com-
pared to free one (Garg et al. 2015). Biomolecules are highly sensitive toward
temperature. Higher temperature causes irreversible loss of catalytic activity. Talebi
et al. showed that thermal stability of α-amylase was improved after their immobili-
zation on nanocomposite (Talebi et al. 2016).

5.3.3 Redox Potential

Biomolecules such as oxidoreductase and metalloproteins have redox potential in
their reaction milieu. One-third of the cellular process is involved with these types of
biomolecules for electron transfer, that is, photosynthesis, respiration, metabolism,
and molecular signaling. The functional properties of the oxidoreductases/
metalloproteins are determined by the nature of their redox centers. Biomolecule
engineering is a powerful approach that is used to incorporate biological and
abiological redox cofactors with predictable structures and desirable functions for
important biological and chemical applications (Prabhulkar et al. 2012). The immo-
bilization of enzymes on electrodes is of significant interest in the development of
enzymatic fuel cells (EFC) and biosensors. Siepenkoetter et al. reported immobilized
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glucose dehydrogenase on nanoporous AuNPs which showed strong oxidative
properties compared to free enzyme (Siepenkoetter et al. 2017). Carbon
nanomaterials show better electron transfer process, so nowadays these are directly
engineered and used as nanozyme, which resembles the redox enzyme activity
(Le Goff and Holzinger 2018). Zhou et al. developed reagentless glucose sensing
via glucose oxidase immobilization on carbon nanotubes (CNTs) (Zhou et al. 2017).

5.4 Biomolecules Immobilized on Nanomaterials

5.4.1 Enzyme and Proteins

Enzymes are well-known biological catalysts and are involved in vital physiological
functions of different living cells of animals, plants, and microorganisms. Nowa-
days, enzymes are well explored in many fields of applications, such as industrial
food processing, biosensing, therapeutics, etc. Wang et al. reported a new way of
alkaline phosphatase (ALP) immobilization on magnetic nanoparticles (MNP). They
synthesized amine-functionalized silica-coated magnetic nanoparticles
(Fe3O4@SiO2@APES) and to this ALP was covalently attached with the help of
sodium cyanoborohydride, which acts as reducing agent and form stable secondary
amine linkage between enzyme and MNPs (Zhang et al. 2015). Likewise, lipase was
covalently attached on MNP via carbodiimide-mediated direct binding between
MNPs and immobilized enzyme and used for transesterification of fatty acid to
biodiesel (Wang et al. 2013a, b). Li et al. reported immobilization process of glucose
oxidase (GOx) on gold nanoparticle (AuNPs) via ethyl (dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling reaction (Yu et al.
2013). Recently, cellulase was immobilized on MNP via cross-linking approach
with high loading efficiency and increased reusability by ~50% (Ingle et al. 2017).
Similarly, Lin et al. immobilized cellulase on chitosan-modified MNPs via
carboxylmethyl cellulose as substrate for cross-linking and enhanced the reusability
by ~84% (Lin et al. 2017). In the recent decades, immobilization process has
increased the stability and activity of various therapeutic enzymes such as acetyl-
cholinesterase, α-amylase, alcohol dehydrogenase, cytochrome P450, trypsin,
peptides, proteins, etc., and these are mentioned in Table 5.1. Ganesana et al.
reported the acetylcholinesterase immobilization on nickel NPs via site-specific
6-histidine affinity tagging (Ganesana et al. 2011). Similarly, Uygun et al. performed
α-amylase immobilization on MNPs with enhanced activity and reusability by ~85%
and ~10 times, respectively (Uygun et al. 2012). One of the important therapeutic
enzyme L-asparaginase (L-ASNase) immobilization was reported by Monajati et al.
They functionalized graphene oxide via aspartic acid and immobilized L-ASNase
covalently with increased activity, recovery and reusability by 90%, 42%, and after
8 cycles, respectively (Monajati et al. 2018). Similarly, Baharman and Alemzadeh
reported the immobilization of L-ASNase on calcium alginate beads via microen-
capsulation process and enhanced ~35% residual activity with ~46% loading effi-
ciency (Bahraman and Alemzadeh 2017). Alcohol toxicity is a major concern
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nowadays, therefore, Ghannadi et al. immobilized alcohol dehydrogenase (ADH) on
titania nanoparticles via physical adsorption with increased residual activity and
reusability by ~84% and 10 cycles, respectively (Ghannadi et al. 2019). Urea
detection is vital part of pathological analysis for early detection of kidney-related
malfunction. Therefore, Eghbali et al. reported urease immobilization on zinc oxide
nanoparticles via physical adsorption for urea sensing at a pH range of 6–8 (Eghbali
et al. 2015). Proteolytic proteins pepsin and trypsin were immobilized on silica NP
gels and MNPs, respectively, with increased thermal stability (Szałapata et al. 2016;
Zhang et al. 2018).

5.4.2 Nucleic Acids

Nucleic acid is a key molecule of whole living entity, and these molecules have very
specific activities. Nowadays single-stranded DNA (ssDNA) are utilized as a versa-
tile tool for biosensing application. The simplicity and advantage of these molecules
allow us to design these for targeted sequence and transduce to form DNA hybrid for
detection (Wang et al. 2015a, b). Compatible and better technique of DNA or RNA
immobilization promotes efficient reactivity and orientation of immobilized
molecules (Xu et al. 2015). Benvidi et al. developed the process for single-strand
DNA (ssDNA) immobilization. They drop cast-thiolated ssDNA probe on gold
electrode and incubate it for overnight reaction at room temperature followed by
immerging in 6-mercapto-1-hexanol (MCH) to minimize the unspecific attachment
(Benvidi et al. 2015; Thiruppathiraja et al. 2011). Zheng et al. reported polyaniline/
graphene composite for electrostatic absorption DNA probe (Zheng et al. 2015).
Similarly, Wang et al. explained the covalent immobilization of ssDNA via thiol and
amine linkage with 30 or 50 end of sequence (Wang et al. 2011). Yang et al.
immobilized aminated DNA probe on graphene oxide-fabricated single-walled
carbon nanotube (SWCNTs) via EDC–NHS coupling reaction. Thus, the covalent
immobilization is widely applicable approach in DNA probe immobilization on
stable and compatible substrates (Yang et al. 2015). Similarly, Wang et al. reported
DNA probe immobilization on glassy carbon electrode via electro-polymerization of
Eriochrome Black T (sulphonic dye) (Wang et al. 2014).

5.4.3 Peptide and Lectins

Peptides are small sequence of amino acids, which are specifically designed for the
biomedical applications such as antimicrobial activity, fluorometric or visual sensing
of biological entity, tissue engineering, targeted delivery of NPs, etc. Similarly,
antibodies are the immune-mediated biomolecules which are secreted from B-cells
and play vital role in defense process (Spicer et al. 2018). Poon et al. performed two
different peptides (cyclic RGD and myxoma virus derived) conjugation on AuNPs
via secondary amine linkage between thiol and amine in the presence of sodium
borohydride (Poon et al. 2015). Similarly, Guerrero et al. reported AuNPs and
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amphipathic peptide (CLPFFD) conjugation via simple covalent-bonding ring thiol
conjugation (Guerrero et al. 2010). Qie et al. immobilized full-length CD47 peptide
on three different sized carboxylated polystyrene NPs via carbodiimide-mediated
click chemistry (Qie et al. 2016). Similarly, Schöttler et al. used polystyrene NPs for
plasma protein conjugation and compared these nanoparticles toward the PEGylated
counterpart (Schöttler et al. 2016). He et al. conjugated antimicrobial peptide (AMP)
HHC36 on poly-SBMA–modified silica NPs via surface-initiated atom transfer
radical polymerization (SI-ATRP) (He et al. 2018). Similarly, Sur et al. reported
indolicidin AMP conjugation on carbon nanotube (CNT) and AuNPs via EDC–NHS
conjugation (Sur et al. 2015). Chaudhary et al. conjugate three different AMP
(TP359, 226, and 557) on silver-coated CNT via EDC–NHS coupling reaction
(Chaudhari et al. 2019). Lectins are versatile carbohydrate-binding proteins having
various applications namely cellular surface recognition, cellular permeability, cel-
lular integrity, food production, etc. Sakuma et al. immobilized mucosal lectin
(acetyl-D-galactosamine) on fluorescent polystyrene nanosphere via affinity tagging
(Sakuma et al. 2009; Kitamura et al. 2015). Wang et al. studied the conjugation of
glycans on fluorescent label silica NPs via photocoupling reaction (Wang et al.
2013a, b).

5.5 Biological Applications of Immobilized Biomolecules

5.5.1 Biosensing

Biosensing is an important application in current scenario for targeted analyte
detection via converting biological signal into measurable units. Biosensing mainly
includes electrochemical, thermal, colorimetry, and optical sensing. It involves few
idealistic features, that is, specificity, reliability, cost effectiveness, and operational
stability (Asal et al. 2019). Biosensing mechanism depends upon different
biomolecules which are mainly used in this process, namely, enzymes, proteins,
antibodies, DNA probes, lectins, peptides, etc. Immobilization and stabilization of
these molecules on bioreceptor is the most important part of biosensing. Nowadays,
nanoparticles are widely used in biosensing application via biomolecule immobili-
zation because of their versatile nature and structural stability (Lee and Du-Duong
2018). In late 1960, first glucose biosensing was reported by Clark and Lyons based
on glucose oxidase immobilization (Yoo and Lee 2010). Kim et al. reported portable
urea sensing in biological sample by the help of urease immobilization on silk fibroin
(Kim et al. 2018a, b). Visual ethanol biosensor was reported by Kuswandi et al. by
alcohol oxidase immobilization on polyaniline membrane (Kuswandi et al. 2014).
Thandavan et al. immobilized xanthine oxidase onMNPs via covalent interaction for
xanthine sensing (Thandavan et al. 2013). Nesakumar et al. immobilized acetylcho-
linesterase on zinc oxide nanoparticles for carbosulphan biosensing (Nesakumar
et al. 2016). Hassan et al. reported carrageenan biosensing via immobilization of calf
thymus double-stranded DNA (dsDNA) on carbon-based screening electrode
(Hassan et al. 2019). Surface plasmon resonance biosensing of targeted
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oligonucleotide via thiolated ssDNA probe immobilized on AuNPs was reported by
Drozd et al. (Drozd et al. 2018). Ebrahimi et al. performed DNA-based biosensing
for Ag+ and Hg2+ ions in amalgam filling via covalent immobilization on modified
multiwalled carbon nanotube (MWCNT) (Ebrahimi et al. 2018). He et al. reported
electrochemical biosensor for silver deposition via specific prostate peptide and
DNA probe conjugation on modified silica NPs (He et al. 2015).

5.5.2 Bioimaging

Bioimaging is a fluorescence-based imaging for tracking and deposition of
synthesized NPs at targeting site. Fluorescent proteins and antibodies are widely
used in this technique, namely, green fluorescent protein (GFP), red fluorescent
protein (RFP), fluorescent tag secondary antibodies, etc. There are various
developments in bioimaging techniques that have taken place in recent decades,
but the precise tool and probe development for living cell imaging are still big
challenging tasks. Skogs et al. clearly demonstrated the role of antibody in
bioimaging process of endogenous proteins via GFP immobilization (Skogs et al.
2016). Miawaki et al. optimized long chain peptide–protein linker with enhanced
FRET mediated bioimaging for targeted site (Miyawaki and Niino 2015). Fu et al.
reported glycoprotein-mediated fluorescent nanoparticles synthesis which reduced
the false and autofluorescence effect of live cells imaging (Fig. 5.2) (Fu et al. 2018).

5.5.3 Therapeutics

Therapeutics is a field of treatment, diagnostics, and prevention of disease site.
Pharmacologically active biomolecules are widely used under therapeutics. Kouassi
et al. immobilized cholesterol oxidase on MNPs for total cholesterol analysis present
in serum for point-of-care solution (Kouassi et al. 2005). Similarly immobilization of
lysozyme on chitosan nanofiber via cross-linkage for antimicrobial activity is
another point-of-care application of immobilized biomolecule (Park et al. 2013).
Lactose intolerance is one of the major problems in children where the indigestion of
lactose causes severe stomach disturbance. Hence, Ansari et al. reported innovative
approach for B-galactosidase immobilization on zinc oxide NPs via covalent binding
for natural degradation of lactose (Ansari et al. 2011). Nanoparticles and protein
interaction are very complex biophysical process due to which most of the NPs
cannot properly act inside the body. Peptides are widely used biomolecules for
specific targeted delivery of NPs and also these can bypass the protein corona
formation due to their specificity toward the target. Cesbron et al. used HA2
biological peptide and immobilized on AuNPs via thiol conjugation, which
improved the endosomal escape property of AuNPs in cellular environment
(Cesbron et al. 2015). Brain is the most complex organ in human body, and it has
lots of limitations toward the treatment related issues. Major obstacle of brain
treatment is penetration of drug across blood–brain barrier (BBB). Endo-Takahashi
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et al. reported entrapment of angiopep-2 in liposomal nanocarrier which facilitates
blood–brain barrier penetration of peptide conjugates (Endo-Takahashi et al. 2016).
Similarly, Kale et al. reported dual mode application of liposome nanoparticle via
immobilization of GFP plasmid and TATp peptide (Kale and Torchilin 2007).

Fig. 5.2 (a)Fluorescent imaging of Hep-G2 cells with Gal-NSp/HAS (10 μM/100 μM) upon
alternate UV/vis irradiation (green/red channel excitation: 460–490/520–550 nm; emission:
500–550/580–650 nm; scale bar ¼ 100 μm). Hoechst 33342 were used to stain the cell nuclei.
Error bars represent S. D. (n ¼ 3). Intracellular fluorescence intensity switching between (b)
Gal-NSp/HAS and Gal-NMr/HAS upon alternate UV/vis irradiation. (c) UV/vis cycling of the
two imaging channels of Gal-NSp/HAS and Gal-NMr/HAS visualized by confocal laser-scanning
microscopy (green/red channel excitation: 440/579 nm; emission: 535/603 nm; scale bar¼ 25 μm).
(Adapted from Fu et al. 2018, reprint with permission)
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5.5.4 Food Industry

Food production are the leading and foremost needed demand of market. Food
products are packed and preserved via various biomolecules-mediated reaction,
that is, potato fries are now treated with L-ASNase to minimize the content of
acrylamide (Raveendran et al. 2018). Labrou et al. reported immobilization of
L-ASNase on polyethylene glycol (PEG) for efficacy improvement of enzyme in
food and clinical application (Labrou and Muharram 2016). Pasha et al. reported the
utilization of pectinase in clarification of fruit juice (Pasha et al. 2013). Pectinase was
immobilized on celite surface via adsorption to increase the stability and activity of
the immobilized enzyme (Chauhan et al. 2015). Similarly, catalase was immobilized
on magnetic-MWCNTs and has been used in food industry especially for hydrogen
peroxide removal (Sirbu 2011; Rafiee et al. 2019). Peroxidase is widely used in food
industry for nutritional and flavor quality development. Immobilization of peroxi-
dase on porous silica increases the catalytic activity of enzyme, and it was used as
catalytic reactor in industries (Regalado et al. 2004; Sahare et al. 2014).
α-acetolactate dehydrogenase was immobilized on nanoflower/alginate microbeads
and widely used in the beverage industry for shortening the time period of beer,
liquor, and soft drink maturation process (Choi et al. 2015; Zhao et al. 2017). Lactose
intolerance problems occur in many children and adults, and β-galactosidase deals
with this issue. Hence, lactase (β-galactosidase) was immobilized on sodium alginate
and l-carrageenan (1:5 ratio) beads and utilized as important enzyme in most of the
milk food products (Souza et al. 2018). Similarly, phospholipase enzyme was
immobilized on nanomagnetic carrier and widely used in breakdown of phospho-
lipid to fatty acid, which is utilized in the production of vanaspati oil, ghee, etc.
(Jiang et al. 2019a, b; Borrelli and Trono 2015).

5.5.5 Tissue Engineering

Tissue engineering is the advanced tool of biotechnology, which is the future of
development of artificial organs, limbs, flesh, etc. In the recent decade, various
nanoparticles are widely used for tissue engineering processes such as carbon
nanomaterials, biodegradable polymeric nanomaterial, therapeutic enzyme
immobilized nanocarrier, etc. Kim et al. reported that tunable hydrogel degradation
facilitates the development of scaffolds for tissue regeneration. In this research,
chitosan is cross-reacted with methacrylate to form hydrogels and the tunable
degradation was occurred after lysozyme incorporation to hydrogels (Kim et al.
2018a, b). Sortase A is bacterial ligase protein which is recently explored for tissue
engineering purpose. It was attached to biodegradable polymer via cross-linking in
the presence of collagen which facilitates artificial tissue regeneration (Broguiere
et al. 2018). Similarly, histone deacetylase (HDAC) is used in stem cell regeneration
process. HDAC is an epigenetic factor which removes acetyl groups from histone so
that chromatin assembly is tightly packed. This process facilitates stem cell for
differentiation process (Lawlor and Yang 2019). Sivaraman et al. reported that
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21 amino acid peptide, which was isolated from collagen, facilitate better adhesion
property for HeLa cells and show significant lead in tissue regeneration (Sivaraman
et al. 2019). Biomimetic peptides possess great potential for tissue regeneration.
There are mainly three categories of peptides which can efficiently regenerate the
tissue, namely, pro angiogenic peptide, anti-inflammatory peptide, and pro adher-
ence peptide (Hosoyama et al. 2019).

5.6 Emerging Approach of Immobilized Biomolecules
as Nanozyme

Nanomaterials with enzyme-mimicking properties are known as nanozymes.
Nanozymes have effective catalytic sites for reactions which can serve as substitute
of traditional enzymes for catalysis. Nanozyme possess inherent nanomaterial
properties and can also act on a dynamic interfacing platform for complex biological
environments (Zeng et al. 2018; Wu et al. 2019). Nowadays, nanomaterial engineer-
ing provides powerful biological interfaces to improve the performance of
biosensors. Here, we have tried to compile few recent literature reports on
biomolecules functionalized nano interfaces used for development of nanozyme.
DNA, proteins, and peptides are utilized for functionalization of nanozyme. Differ-
ent immobilization strategies for a range of DNA nanoscale biointerfaces, proteins
recognitions, and peptide conjugations were optimized to modulate enzymatic and
biological properties of the nanozyme system (Zhang et al. 2019). Fu et al. reported
DNA-based platinum (Pt) nanomaterial for peroxidase mimic nanozyme application
(Fu et al. 2014). Peptide-conjugated AuNPs were used as nanoprobe for quantifica-
tion of integrin GPIIb/IIIa on the human erythroleukemia cell line. In addition, this
nanoprobe also mimicked peroxidase activity which increased the sensitivity of
integrin quantification on colorimetric basis (Gao et al. 2015). Similarly, anti-E.
coli antibody was conjugated on platinum (Pt)–coated gold NPs for sensitive
detection of bacteria via lateral flow immunoassay (Bradbury et al. 2019).

5.7 Conclusion and Future Aspects

Immobilization of biomolecules is a powerful tool for the development of novel
biologically active nanomaterials. It is widely applicable for low-cost production and
reusability of biomolecules. Within a few decades, scientific community and
industries are witnessing remarkable achievements in immobilization techniques.
The versatility of biomolecules plays an important role in the field of controlled
utilization and modulation of these molecules with nanoparticles. Nanotechnology is
providing solutions to all the limitations related to NPs–biomolecules conjugates. As
we have seen in this chapter, many biomolecules can act in a similar manner under
different immobilization conditions. Biological application of NPs and their
conjugates are widely feasible due to enhanced stability and specificity. The rapid
development in nanotechnology also makes the preparation of various nanoparticles
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more affordable. Biomolecules–NPs conjugates (bioconjugates) not only possess
therapeutic and diagnostic activity but also inherit some intrinsic properties of
nanoparticles, which benefit biosensing, diagnostics, cell killing, healing, and
many other areas in the biomedical field. However, apart from impressive literature
reports, several disadvantages of bioconjugates such as aggregation, precipitation,
and bio-incompatibility are still challenging concerns. Despite some limitations, in
immobilization process, biomolecules are still utilized for high-end applications. In
the recent decade, tissue engineering application is the most attractive application in
which carbon nanomaterials and polymeric nanomaterials are currently well
explored. Recent literatures also suggest that biomolecules conjugated with
nanomaterials can be used as surrogated artificial enzymes known as nanozymes.
Thus, it can be commented that immobilization of biomolecules on the surface of
advance substrates such as nanomaterials will pave the path for future applied
science and technological outcomes.
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