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Abstract
In the past few decades, enormous advances have been achieved in the field of particle technology and the trend 
has been shifted from macro to micro and recently to the nanoscale. Integration of nanotechnology and 
biotechnology has paved the way to the development of biological nanoparticles, derived from biomolecules, and 
biomolecule-nanoparticle conjugates for numerous applications. This review provides an overview of various 
types of biological nanoparticles and the methods of their fabrication with primary emphasis on the drying 
methods, particularly on the newly emerging technique, the electrospraying. Recent advances in the integration of 
biomolecules with nanoparticles in the past five years to present are also discussed. Finally, the application of the 
biomolecule-nanoparticle conjugates in various fields including medicals and pharmaceuticals, biosensors and 
bioelectronics, foods, and agricultures are also highlighted.
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1. Introduction

Nanotechnology is a rapidly growing field that deals 
with the processing of materials with size less than 
1000 nm, from the production to its applications (Jaworek 
A. and Sobczyk A.T., 2008). Owing to its large surface 
area to volume ratio, the reduction of particle size to na-
noscale offers remarkable improvement in the physical, 
mechanical, electrical, and optical properties, that is not 
seen in the bulk materials (Yurteri C.U. et al., 2010). 
Breakthroughs in nanomaterial synthesis increased di-
verse nanomaterials production and subsequently their 
applications.

Nature had provided various types of biomolecules 
such as proteins, nucleic acids, lipids, and polysaccha-
rides, which have their own unique properties that can be 
utilised for the development of nanoparticles (Sperling 
R.A. and Parak W.J., 2010). These organic based nanopar-
ticles received little attention in the past; in comparison 
with inorganic based such as metals, metal oxides, ceram-

ics and quantum dots where enormous researches and 
technological advancements have been made (Kumar R. 
and Lal S., 2014). However, in recent years, considerable 
interest has been shown in the utilisation of biological 
nanoparticles, derived from biomolecules as an alternative 
to the chemically synthesised nanoparticles. This is due 
to the need for developing biocompatible and biodegrad-
able nanoparticles in addition to the other advantages of-
fered including ease of availability and non-immunogenic 
(Sundar S. et al., 2010).

Biomolecules can also be engineered to possess unique 
compositions and functionalities and can be conjugated 
with various types of nanoparticles such as metals and 
metal oxides, to complement the unique properties of 
nanoparticles with intrinsic features of biomolecules, to 
yield novel biomolecule-nanoparticle hybrid. To date, 
many review papers are available in the literature that 
highlights the development and application of nanoparti-
cles in various sectors (De M. et al., 2008, Salata O.V., 
2004, Wang E.C. and Wang A.Z., 2014). However, limited 
reviews are available for biological nanoparticles and the 
integration of nanoparticles with biomolecules. Therefore, 
up to date information on the technology and current 
trend in the field is required. The present review details 
the types of biological nanoparticles, their methods of 
synthesis, the recent advances in the integration of bio-
molecules with nanoparticles, and the application of 
biomolecule-nanoparticle conjugates in medicals and 
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pharmaceuticals, biosensors and bioelectronics, foods, 
and agricultures. For the context of this review, only 
nanoparticles derived or conjugated with biomolecules 
were discussed.

2. Types of biological nanoparticles

Biological nanoparticles are particles with size ranging 
from 10 nm to 1 μm, derived from biomolecules or or-
ganic compounds. They can be divided into four major 
categories which are proteins, nucleic acids, lipids and 
polysaccharides based (Kumar R. and Lal S., 2014).

Protein is the predecessor of the naturally occurring 
material used for the preparation of nanoparticle, at-
tributed to their unique functionalities and defined pri-
mary structure. These features enable various possibilities 
for surface modifications and attachment of other com-
pounds such as drugs and therapeutics (Bhunchu S. and 
Rojsitthisak P., 2014; Jahanshahi M. and Babaei Z., 2008). 
Additionally, they can be processed in the form of gels, 
emulsions and dried particles, have greater stability in 
vivo and during storage, and relatively easy to synthesise 
with controllable size distribution (Sundar S. et al., 2010), 
which allows them to be an ideal material for nanoparti-
cles preparations. To date, wide varieties of proteins have 
been used for nanoparticle formulations including albu-
min, gelatine, elastin, collagen, gliadin, zein, ferritin 
(Nitta S.K. and Numata K., 2013) and silk proteins such 
as sericin and fibroin (Hazeri N. et al., 2012; Zhao Z. et 
al., 2015).

Nanoparticles can also be formulated from nucleic ac-
ids strands of DNA and RNA. These biomolecules can be 
engineered to form 3-dimensional nano-scaffolds due to 
the simplicity of their primary structure. Furthermore, 
nucleic acids have a unique ability to self-assemble into 
compact and stable structures with precise control over 
the nanoparticle size, geometry, and composition (Panigaj 
M. and Reiser J., 2016). The current research in the devel-
opment of bio-based nanoparticles have shown that the 
DNA and RNA nanoparticles can be utilised as scaffolds 
and can be tagged with various types of biological and 
therapeutic compounds such as aptamers, fluorophores, and 
oligonucleotides to carry its desired function (Friedman 
A.D. et al., 2013; Panigaj M. and Reiser J., 2016).

Lipid based nanoparticles which include liposomes, 
nanoemulsions, solid lipid nanoparticles (SLN) and nano-
structured lipid carriers (NLC) have emerged as a 
potential nanoparticulate system and have been recog
nised among the most promising encapsulant in the nano-
biotechnology field (Tamjidi F. et al., 2013). In addition to 
their high encapsulation efficiency, lipid nanoparticles 
demonstrated longer shelf life and storage stability, has-
sle-free scaling up from lab to industrial scale, and ability 

to target and entrap compound with different solubility 
(Weiss J. et al., 2008).

Polysaccharides are naturally occurring carbohydrate 
polymers that are linked together by glycosidic bonds. 
They can be obtained from plants (e.g. pectin, insulin), ani-
mals (e.g. chitosan), and algae (alginates) and also from a 
microorganism such as a dextran. Among various types 
of polysaccharides, chitosan is one of the most valued 
polysaccharides probably due to its permeability enhanc-
ing properties. Chitosan, a cationic polyaminosaccharide, 
have high-density amino groups and mucoadhesive prop-
erties, allowing facile chemical modification and com-
plexation with negatively charged molecules (Sahdev P. et 
al., 2014). By exploiting the charge mediated ionic inter-
actions, a wide variety of biomolecules such as proteins 
(Mattu C. et al., 2013), plasmid DNA and antigens as well 
as bioflavonoids (Ha H.-K. et al., 2013; Hosseini S.F. et 
al., 2013) have been successfully incorporated into chi-
tosan nanoparticles. The nanoparticles are commonly 
fabricated through ionotropic gelation and self-assembly 
of polyelectrolytes, a relatively simple procedure that does 
not require the use of organic solvents and operated in 
mild temperature and pressure condition (Rampino A. et 
al., 2013; Sahdev P. et al., 2014).

3. Methods to synthesise biological nanoparticles

Synthesis of nanoparticles derived from inorganic com-
pounds such as metal, metal oxides and polymeric materi-
als have been discussed deeply in a number of review 
papers. However, only a few reviews are available for 
the synthesis of biological nanoparticles. Design and syn-
thesis of biological nanoparticles with desired properties 
is an important field of research in nanotechnology to al-
low applications of such materials in various fields which 
consequently give a positive impact to nature and human 
being. Recently, different strategies for production of 
nanosized materials exist and new techniques are con-
stantly developed (Table 1). In biotechnology context, 
several criteria have to be taken into account for the se-
lection of techniques to produce particles with controlled 
characteristics such as uniform size distribution, mor-
phology, high purity, and composition. Additionally, the 
method should be simple, inexpensive, and have high 
throughput (Peltonen L. et al., 2010). In this section, gen-
eral overviews of the methods to synthesise biological 
nanoparticles which include two steps procedures based 
on emulsification, a one-step procedure involving nano-
precipitation, desolvation, and gelation, and through dry-
ing methods are presented, with primary emphasis on the 
preparation by drying process.
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3.1 Two steps procedure based on emulsifications

Methods for the preparation of biological nanoparticles 
based on emulsification strategies have been evolved in 
the past decades due to the advancement in the technol-
ogy and emulsification devices (Kumar R. and Lal S., 
2014). The emulsion system can be in the form of oil in 
water (o/w), water in oil (w/o) and oil in oil (o/o), depend-
ing on the type of the dispersed phase and dispersion me-
dium. A more complex system based on a combination of 
multiple emulsions has also been synthesised such as wa-
ter in oil in water (w/o/w), oil in water in oil (o/w/o) and 
water in oil in oil (w/o/o). After generation of the emulsion 
nanodroplets, nanoparticles can be produced through pre-
cipitation induced by various solvent extractions mecha-
nisms such as solvent evaporation, solvent diffusion or 
salting-out. Other techniques such as gelation and po-
lymerisation can also be used for converting the emul-
sions to nanoparticles (Bilati U. et al., 2005; Kumar R. 

and Lal S., 2014).
Emulsification method offers high encapsulation effi-

ciency and high batch-to-batch reproducibility. Further-
more, nanoparticles obtained through this method usually 
have narrow size distribution (Chaturvedi S.P. and Kumar 
V., 2012; Pal S.L. et al., 2011). The avoidance of heat 
treatment during the preparation step has made this 
method as a useful strategy for encapsulation of highly 
thermolabile compounds. However, the presence of resid-
ual solvent in the final dispersion is undesirable due to 
regulatory concern. Therefore, intensive washing proce-
dures are required to eliminate the solvent residue 
(Chaturvedi S.P. and Kumar V., 2012). Moreover, the ap-
plication of this method is mainly limited to lipophilic 
molecules. Compounds which have limited solubility in 
organic solvent require a subsequent addition of excess 
water, resulted in dilute dispersion that needs to be con-
centrated by means of another operation such as filtration 
and evaporation (Das S. and Chaudhury A., 2011). The 

Table 1  Summary of various types and methods to synthesise biological nanoparticles.

Material Fabrication method Particle size and  
characteristics

Application Reference

BSA Dynamic aggregation, 
radiation-induced 
cross-linking

20–40 nm Drug carrier Achilli E. et 
al. (2015)

Cruciferin Cold gelation ~200 nm spherical, 
polydispersity index 
(PDI) of 0.2–0.3

Delivery of bioactive food 
components

Akbari A. and 
Wu J. (2016)

Chimeric  
polypeptide

Genetically encoded 
synthesis in E. Coli

60 nm, nearly  
monodisperse

Treatment of cancer Conjugated 
drug: paclitaxel

Bhattacharyya 
J. et al. (2015)

Fibronectin Electrospraying 28.2–31.52 nm Functionally active protein for 
tissue engineering

Fornari E. et 
al. (2015)

Zein Electrospraying 175–900 nm Encapsulant for food coloring and 
ingredients

Gomez-Estaca 
J. et al. (2012)

Fluorescent  
proteins

Liquid nanodispens-
ing (NADIS)

50 nm–microns Nanodevice (Scanning probe 
lithography)

Fabie L. et al. 
(2015)

Fibroin Electrospraying 80 nm Wound dressing and tissue 
engineering

Gholami A. et 
al. (2010)

Whey protein  
isolate (WPI)

Homogenisation- 
evaporation

90 nm Delivery vehicle for beta-carotene 
to intestine

Yi J. et al. 
(2015)

Soybean protein  
isolate (SPI)

Homogenisation- 
evaporation

370 nm Delivery vehicle for beta-carotene 
to intestine

Yi J. et al. 
(2015)

Chitosan  
oligosaccharide/ 
β-lactoglobulin

Ionic gelation 150–30 nm,  
Spherical

Delivery of hydrophobic bioac-
tive compounds into aqueous 
foods

Ha H.-K. et al. 
(2013)

Bioactive  
peptides/chitosan

Ionic gelation 150 ± 4.3 nm,  
PDI = 0.05 to 0.14

Encapsulant of epigallocate-
chin-3-gallate (EGCG) for 
nanochemoprevention

Hu B. et al. 
(2012)

Chitosan Ionic gelation 550–850 nm, spherical 
with some irregular 
shape particles

Protein carriers in tissue engi-
neering

Mattu C. et al. 
(2013)
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particles generation through emulsification have been re-
viewed extensively by Anton and co-workers (2008) and 
will not be discussed in details.

3.2 One step procedures

Nano-precipitation is a method to synthesise nanoparti-
cles based on the interfacial deposition of polymer after 
displacement of a semi polar solvent (miscible with water) 
from a lipophilic solution. Therefore, nano-precipitation 
is also termed as interfacial deposition or solvent dis-
placement methods. This method was developed by Fessi 
et al. in the late 1980s (Kumar R. and Lal S., 2014). 
Nanoparticles are formed through a quick diffusion of the 
polymer solvent such as acetone in the non-solvent or 
aqueous phase. The reduction in the interfacial tension 
between the two phases resulted in the increase of the 
surface area and momentary precipitation of nanoparti-
cles. The process can occur in the absence or presence of 
mechanical stirring. This method provides a simple and 
rapid route for the fabrication of biological nanoparticles 
from natural polymers and peptides with high reproduc-
ibility, even at low concentration. However, the use of 
nanoprecipitation approach is often hampered by the low 
nanoparticle recovery yields due to the low concentration 
of polymer required and low entrapment efficiency for 
water-soluble molecules such as drugs (Bilati U. et al., 
2005; Kumar R. and Lal S., 2014).

Desolvation or also known as coacervation, a technique 
designed by Marty et al. in 1978 is a thermodynamically 
driven self-assembly of proteins that occur based on the 
addition of desolvating agents such as salts, alcohol or 
solvents (e.g. acetone) in a solution of biomolecules, which 
separates and coacervates the molecules in the aqueous 
phase. In this process, electrostatic interaction plays a vi-
tal role to promote self-assembly of protein (Sundar S. et 
al., 2010). Variety types of proteins such as albumins (hu-
man serum albumin and bovine serum albumin), gliadin 
and gelatine, polysaccharide particles such as chitosan, 
DNA and oligonucleotides have been fabricated through 
this method (Allouche J., 2013). To improve the stability 
of the nanoparticles and prevent dissolution in water, 
crosslinking reaction with glutaraldehyde and carbodiim-
ide was usually performed (Sundar S. et al., 2010).

Many proteins have gel forming properties at particular 
conditions of pH and temperature. These properties en-
able the proteins to form heat-induced gels through ther-
mal gelation process, attributed to the protein structures 
(primary, secondary, tertiary and quaternary) and the 
surrounding conditions. Under suitable conditions, the 
protein molecules will denature and unfold followed by 
the rearrangement and aggregation into a 3-dimensional 
structure that finds numerous applications in food indus-
try. For charged biomolecules such as chitosan and algi-

nate, gelation can occur through interactions with small 
ions of opposite charges to form nanoclusters that can be 
stabilised further with the addition of oppositely charged 
polyelectrolytes (Allouche J., 2013; Nitta S.K. and Numata 
K., 2013).

3.3 Preparation by drying process

Environmental considerations have motivated research-
ers to find alternative methods for synthesis of nanoparti-
cles with the elimination of the use of organic solvents 
(Allouche J., 2013). To achieve this goal, preparation of 
biological nanoparticles through drying method has been 
seen as a promising alternative to the conventional meth-
ods discussed above. Furthermore, dry formulation of bi-
ological nanoparticles offers further stabilisation against 
degradation, improves shelf life and ease of handling that 
often difficult to achieve in liquid formulation due to the 
complexity of the biological molecules (Haggag Y.A. and 
Faheem A.M., 2015).

Besides, nanosuspensions often need to be dried for 
further processing and formulation for example in the 
form of tablets or capsules. In this regard, drying based 
techniques provide a convenient and straightforward 
method, as dried nanoparticles can be produced directly 
in a single step without the need for further drying steps, 
and the dried particles still preserved the unique proper-
ties of the original suspension (Peltonen L. et al., 2010). 
There are three main strategies to produce biological 
nanoparticles through drying methods which are super-
critical drying, spray drying and the newly emerging 
technique, the electrospraying method which will be dis-
cussed in details.

3.3.1 Supercritical drying
Supercritical drying involves utilisation of supercritical 

fluid (SCF) as a drying medium (antisolvent) which offers 
unique property of having the density and solvating 
power of a liquid but with gas-like transport properties 
(with respect to its viscosity and diffusivity). In most su-
percritical fluid processing, carbon dioxide (CO2) is used, 
attributed to its low critical temperature and pressure, 
nontoxic, non-flammable and environmentally friendly 
characteristics as well as availability at low prices (Sellers 
S.P. et al., 2001). A number of supercritical techniques are 
currently available for production of submicrometer-sized 
and nano-sized particles.

The rapid expansion of a supercritical solution (RESS) 
typically uses supercritical CO2 to form finely divided dry 
thermolabile drugs and pharmaceutical powders. In this 
technique, biological constituents are solubilised in super-
critical CO2 which subsequently decompress through a 
nozzle into an ambient air. This process created high 
supersaturation conditions that promote homogeneous 
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nucleation and precipitation of the biological solutes into 
well-dispersed particles. Despite the ability to generate 
nano-sized particles, the coalescence mechanism involved 
in the free jet promotes particle aggregation into micro-
sized. Besides that, although the process can be conducted 
in a solvent free environment, the solubility of many 
pharmaceutical constituents in supercritical CO2 is very 
low (Allouche J., 2013). Therefore, another supercritical 
technology such as solution enhanced dispersion by su-
percritical solution (SEDS) has been developed. In this 
system, co-solvents have been used to improve the solu-
bility of the pharmaceutical compounds in CO2 (Zhao Z. 
et al., 2015). This method has been used for precipitation 
of protein nanoparticles such as lysozyme, insulin, and 
rhDNase from their aqueous solution with the use of etha-
nol as co-solvent, yielding nanoparticles with size ranging 
from 100–500 nm (Chan H.K. and Kwok P.C.L., 2011; 
Sellers S.P. et al., 2001). Alternatively, supercritical fluid 
antisolvent (SAS) strategy can be applied to exploit the 
low solubilities of the solute compounds in supercritical 
CO2 by mixing the solution with compressed CO2 to pro-
mote crystallisation or by spraying into the compressed 
CO2. Organic non-aqueous solvents such as dimethylsulf-
oxide that have been normally used in the SAS technique 
to enhance miscibility of solute with CO2 at its recrystalli-
sation temperature and pressure, however, compromised 
the environmental friendly nature of the CO2. Thus, this 
method may not be favourable for biomolecules process-
ing as it may cause conformational changes to their native 
structure (Tabernero A. et al., 2012; Zhao Z. et al., 2015).

3.3.2 Spray drying
Spray drying has been used since the 1980s as an alter-

native means of fine particles or powders production. The 
utilisation of this method for drying of biological com-
pounds was started in the early 1990s when the potential 
of therapeutic proteins or drugs delivery through pulmo-
nary route was discovered (Chan H.K. and Kwok P.C.L., 
2011). In spray drying, a solution containing biomolecules 
is atomised into a plume of fine droplets which subse-
quently dry in a hot air to form solid particles. The dried 
particles finally collected via a cyclone. The spray drying 
technology has been evolved in the past years and many 
types of biological solution have been processed into 
nanoparticles or nanopowder through this technology 
particularly for food and pharmaceutical application. 
However, the collection yield of particles generated 
through the conventional spray drying method is very 
low, resulted from the very small size of the nanoparti-
cles. Recently, a nano-spray dryer has been developed by 
BÜCHI Labortechnik AG to increase the particle recov-
ery. In this system, tiny droplets with size much smaller 
than the conventional spray dryer were generated by using 
piezoelectric actuator. The actuator is driven at an ultra-

sonic frequency to provide vibrating energy to a mem-
brane, which causes ejection of millions of nanodroplets 
per second. The size of the particles collected depends on 
various factors such as the solution properties (e.g. con-
centration), operating conditions (e.g. feed rate, drying 
temperature) and the presence or absence of surfactant 
(Haggag Y.A. and Faheem A.M., 2015; Lee S.H. et al., 
2011). By using this innovative approach, spherical shape 
BSA nanoparticles with smooth surface have been suc-
cessfully produced by Lee S.H. et al. (2011) from BSA 
solution in the presence of surfactant (Tween-80). Despite 
the technological advancement in the spray drying sys-
tem, the applicability of such system to produce biologi-
cally active particles remain a hot debate. This is mainly 
due to the fragile nature of biomolecules when subjected 
to hot drying air during the process which may lead to 
aggregation and loss of biological activity (Mehta P. et al., 
2016). The inclusion of surfactant or disaccharide to the 
heat-sensitive materials such as proteins, peptides and en-
zymes can help to minimise these effects (Lee S.H. et al., 
2011).

3.3.3 Electrospraying
Electrospraying is an electrohydrodynamic atomisation 

of liquid into uniform sized droplets under the influenced 
of electrical forces. The phenomenon of the interaction of 
liquid with electric field was first reported by William 
Gilbert in the sixteenth century who discovered that a 
water droplet transformed into conical shape when a piece 
of amber was held close to it (Yurteri C.U. et al., 2010). 
The first attempt to use electrospraying for the production 
of protein nanoparticles was demonstrated by Gomez A. 
et al. (1998). Insulin was used as a model protein to study 
the feasibility of electrospraying to produce monodis-
persed protein particles with preserved biological activity. 
In their work, the electrospraying was conducted in Taylor 
cone jet mode with controlled current and flowrate of 64–
100 nA and 0.17–0.38 μL/min, respectively. The size of 
the produced insulin particles was in the range of 98–
117 nm with a doughnut shape. The analysis of receptor 
binding properties of the electrosprayed insulin and the 
control insulin showed identical results, which proved that 
biological activity of insulin is preserved upon electro-
spraying. With these findings, researches involving the 
generation of active particles of biomolecules using the 
electrospraying method have emerged rapidly, especially 
for drug delivery application.

Besides the ability to preserve the bioactive properties 
of the biomolecules, the emerging utilisation of the elec-
trospraying method is also attributed to the other unique 
advantages offered; the production of monodisperse parti-
cles in cone-jet mode which is often difficult to be 
achieved by the other particle synthesis methods, a reduc-
tion in the number of molecular aggregates due to the co-
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alescences of droplets with the same polarity, a reduction 
in the risk of product contamination, can be operated in 
ambient conditions, cost effectiveness and simple opera-
tion. In view of these advantages, a few types of biologi-
cally active substances including DNA (Lee Y.-H. et al., 
2011), proteins such as sericin (Hazeri N. et al., 2012), 
fibroin (Gholami A. et al., 2010), cytochrome c (Mortensen 
D.N. and Williams E.R., 2015), and α-lactalbumin (α-LA) 
(Uematsu I. et al., 2004), enzymes such as alkaline phos-
phatase (ALP) (Avseenko N.V. et al., 2001) and peptide 
such as α-cyano-4-hydroxycinnamic acid (Wei H. et al., 
2004) have been successfully electrosprayed with pre-
served biological activity.

Basic electrospraying setup, which consists of a high 
voltage supply, metal capillary, and grounded collector, 
and the mechanism of particle generation, is shown in 
Fig. 1. The four major processes involved in electrospray-
ing are; 1) generation of charged droplets, 2) shrinkage of 
the droplets due to removal or evaporation of solvent, 3) 
continual disintegration of the droplets to form dry parti-
cles, and finally, 4) collection or deposition of the particles 
(Lenggoro I.W. et al., 2002; Naim M.N. et al., 2010).

In electrospraying, the particle size and shape can be 
controlled by controlling the solution properties such as 
conductivity and surface tension and also the electro-
spraying parameters which include spraying voltage, 
flowrate and distance of the needle tip to the collector. In 
our group, the electrospraying technique was used to pro-
duce cyclodextrin glucanotransferase (CGTase) nanopar-
ticles from its aqueous suspension. It was found that by 
conducting the electrospraying in cone jet mode and 
changing the needle tip to collector distance from 10 to 
25 cm, nanoparticles with narrow size distribution can be 

obtained and the average particle size was reduced sig-
nificantly from 201 to 75 nm. The reduction in the particle 
size has been shown to improve the CGTase catalytic per-
formance (Saallah S. et al., 2014).

4. Integrated biomolecule-nanoparticle 
systems

Biomolecules exhibit nanoscale dimensions comparable 
to the dimensions of nanoparticles (Fig. 2). Revolutionary 
of nanotechnology and biotechnology have paved the way 
to complement these size similarities and intrinsic fea-
tures of biomolecules with unique properties of nanopar-
ticles to yield novel biomolecule-nanoparticle hybrid of 
synergistic characteristics and functions (Sperling R.A. 
and Parak W.J., 2010). Biomolecules also display several 
fundamental features that can be utilised as future build-
ing blocks for nanoparticle architecture. For example, the 
nature-evolved multiple binding sites of biomolecules in 
addition with its catalytic properties could facilitate the 
development of multifunctional nanoparticles (Katz E. 
and Willner I., 2004). Recently, substantial research ef-
forts were directed towards developing and extending the 
applications of biomolecules by integrating the biomole-
cules with biological nanoparticles such as polysaccha-
rides and lipids (Liao W. et al., 2016; Rassu G. et al., 
2015) and other types of nanoparticles including metals 
(Chinen A.B. et al., 2015; Politi J. et al., 2015), metal ox-
ides (Cao Y. et al., 2016; Shahrestani H. et al., 2016) and 
polymers (Cavalli R. et al., 2011; Lin T.-T. et al., 2016) 
through various conjugation strategies (Table 2).

Fig. 1  (a) Basic electrospraying setup and (b) Electrospraying mechanism.
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4.1 Strategies for the development of biomolecule-
nanoparticle conjugates

4.1.1 Functionalisation of nanoparticles with 
biomolecules through non-covalent 
interactions

Non-covalent biofunctionalisation is a physical conju-
gation strategy that can be realised through electrostatic, 
hydrophobic and affinity interactions (Fig. 3) (Yu M.K. et 
al., 2012). Electrostatic adsorption is useful for the assem-
bly of biomolecules to nanoparticles that are stabilised by 
anionic ligands such as lipoic acid and citrate in which the 
interaction of nanoparticles and the biomolecules rely on 
the opposite charged of both materials (Niemeyer C.M., 
2001). Biological nanoparticles can be engineered to have 
a specific charge to enable interaction with biomolecules. 
The recent example is the utilisation of cationic lipid 
nanoparticles modified with a supercharged coiled-coil 
protein having positively charged arginine residues to fa-
cilitate interaction with the negatively charged SiRNA 
(Rabbani P.S. et al., 2017). Another example is the devel-
opment of a self-assembled nanocomplex based on fu-
coidan, a sulphated marine polysaccharide and protamine, 
a strongly basic protein by utilising the electrostatic inter-
action between the oppositely charged polysaccharide and 
protein (Lu K.Y. et al., 2017). The non-covalent electro-
static complexes between proteins and polysaccharides 
can potentially enhance the functional properties by the 
synergistic combination of functional properties of both 
materials, compared to the single biological nanoparticle 
system (Hosseini S.M.H. et al., 2015).

In some cases, the strong electrostatic interaction be-
tween the charged biomolecules and its host is not always 
preferred. As observed by Lebre F. et al. (2016), the strong 
binding between positively charged chitosan and nega-
tively charged DNA resulted in low transfection efficiency 

in vivo. To encounter this issue, the electrostatic interac-
tions between the cationic chitosan nanoparticles with the 
anionic DNA were modified by attaching anionic human 
serum albumin onto the chitosan nanoparticles surface. 
This system enabled the intracellular release of DNA, 
thus enhancing the transfection efficiency.

The role of electrostatic interactions in adsorption of 
protein onto inorganic nanoparticles such as silica and 
metal oxides has been well described in many studies 
(Meissner J. et al., 2015). For instance, immobilisation of 
lysozyme and β-lactoglobulin, a globular protein onto 
negatively charged silica nanoparticles and binding of bo-
vine serum albumin and β-lactoglobulin to cationic gold 
nanoparticle functionalised with 3,6,9,12-tetraoxatri-
cosan1-1-aminium, 23-mercapto-N,N,N-trimethyl, under 
different pH and ionic conditions (Chen K. et al., 2011; 
Meissner J. et al., 2015). Generally, the maximum adsorp-
tion occurs at the protein isoelectric point. This is due to 
the minimum repulsion between the adsorbed protein 
molecules at its isoelectric point which allow them to 
make a closer packing at the particle surface.

Although extensive investigation on the interactions of 
biomolecules such as amino acids, proteins, and peptides 
with silica nanoparticles have shown that binding of 
biomolecules to silica nanoparticle is mainly driven by 
electrostatic interaction, Puddu V. and Perry C.C. (2012) 
found that hydrophobic interactions were responsible for 
the recognition and adsorption of peptide sequence of dif-
ferent charge on silica at various pH conditions. They also 
showed that it is possible to modulate the uptake of bio-
molecules on nanoparticles by tuning the surface proper-
ties and binding environments such as the biomolecules 
bulk concentration and pH. Bioconjugation of silica with 
peptide sequence having hydrophobic character is favoured 
when the surface charge of silica is close to its point of 
zero charge (more hydrophobic) (Puddu V. and Perry C.C., 

Fig. 2  Nanoscale integration of nanoparticles and biomolecules.



Suryani Saallah et al. / KONA Powder and Particle Journal

8

Table 2  Summary of integrated biomolecule-nanoparticle systems.

Biomolecule Nanoparticle Fabrication 
method

Conjugation strategy Application References

(i) Organic-organic nanoparticle conjugates

BSA Tripolyphosphate-
crosslinked chitosan

Ionic gelation Electrostatic interac-
tion, encapsulation

Sustained release of 
protein

Mattu C. et al. 
(2013)

Propolis Lipid High shear 
homogenisation

Entrapment Nasal drug delivery Rassu G. et al. 
(2015)

D. indusiata 
polysaccharide

Selenium Redox reaction Encapsulation Anticancer treatment Liao W. et al. (2016)

Curcumin O-carboxymethyl 
chitosan/fucoidan

Ionic gelation Crosslinking Oral delivery system Huang Y.C. and 
Kuo T.H. (2014)

Quercetin Chitosan oligosac-
charide/ 
β-lactoglobulin

Ionic gelation Covalent Encapsulation of 
bioactives

Ha H.-K. et al. 
(2013)

Curcumin Zein–pectin/
alginate

Electrostatic 
deposition

Electrostatic interac-
tion, encapsulation

Functional foods and 
beverages

Hu K. et al. (2015)

Beta-carotene Whey protein 
concentrate

Electrospraying Encapsulation Encapsulation of 
bioactives

López-Rubio A. and 
Lagaron J.M. (2012)

Anthocyanin-rich 
extract

Whey protein 
isolate/beet pectin

Thermal pro-
cessing

Electrostatic complex-
ation

Encapsulation of 
natural colorants and 
food nutraceuticals

Arroyo-Maya I.J. 
and McClements 
D.J. (2015)

(–)-epigallocate-
chin-3-gallate

Peptide/chitosan Ionic interac-
tion, hydropho-
bic association

Encapsulation Nano-
chemoprevention

Hu B. et al. (2012)

(ii) Biomolecule-polymeric nanoparticle conjugates

BSA PLGA Co-axial elec-
trospraying

Encaspulation Drug delivery Zamani M. et al. 
(2014)

BSA HPMA/Ac-DAP-
Boc

One-pot synthe-
sis

Encaspulation Delivery of platinum 
drugs into cancerous 
cells

Dag A. et al. (2015)

Cholestrol Polyamidoamines Electrospraying Covalent Tamoxifen delivery Cavalli R. et al. 
(2011)

Chitosan Polylactic acid/
nifedipine

Emulsion Encapsulation Treatment of angina 
pectorice and hyper-
tension

Chinh N.T. et al. 
(2016)

Serum albumin PCL/PLGA Electrospraying Encapsulation Delivery of therapeu-
tics

Bock N. et al. (2014)

Sorafenib PEG-PLGA/PLGA 
co-polymer

O/W emulsion Encapsulation Systemic treatment of 
liver fibrosis

Huang X. et al. 
(2016)

Cisplatin PCL-block-PEG-
diblock copolymer

Dialysis, lyophi-
lisation

Encapsulation Treatment of gluta-
thione over-expressed 
breast cancer cells

Surnar B. et al. 
(2015)

(iii) Organic-inorganic nanoparticle conjugates

Lysozyme and 
β-lactoglobulin

Silica — Electrostatic interac-
tion

Not specifically 
mentioned

Meissner J. et al. 
(2015)

Hydrophobin 
Vmh2

AuNP One pot synthe-
sis

Covalent Biomedical Politi J. et al. (2015)
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Chitosan/Collagen Bioactive glass Sol-gel/freeze 
drying

Non-covalent Injectable scaffolds 
in bone and cartilage 
repair

Moreira C.D.F. et 
al. (2016)

Spherical nucleic 
acid

AuNP — Covalent Cellular uptake Chinen A.B. et al. 
(2015)

DNA Magnesium phos-
phate

Water-in-oil 
emulsion

Entrapment DNA vaccine formu-
lation

Bhakta G. et al. 
(2014)

Mussel adhesive 
proteins

Iron(III)–3,4-dihy-
droxyphenylalanine 
(DOPA)

Electrospraying Crosslinking pH-responsive drug 
delivery Model drug: 
Doxorubicin

Kim B.J. et al. 
(2015)

Plasmid DNA Calcium phosphate Precipitation Encapsulation Stem cell uptake and 
gene transfer

Cao X. et al. (2011)

Pepsin AuNP Chemical 
reduction

Covalent-amide 
coupling

Analytical sample 
preparation

Höldrich M. et al. 
(2016)

α-amylase, pecti-
nase, cellulose

Fe3O4 Co-precipitation GA crosslinking Clarification of fruit 
juices

Sojitra U.V. et al. 
(2016)

(iv) Biomolecule-hybrid nanoparticle conjugates

BSA Ampiphilic polymer 
coated hydrophobic 
silver nanoparticle

Chemical 
precipitation

Physisorption To study protein-
nanoparticle interac-
tion

Guo J. et al. (2015)

Lipase Hydroxyapatite-en-
capsulated-c-Fe2O3

Chemical 
precipitation

EncapsulationCova-
lent

Interesterification of 
soybean oil

Xie W. and Zang X. 
(2016)

Curcumin Albumin–poly-
caprolactone

Ring opening 
polymerisation

Covalent Drug delivery system 
for prostate carci-
noma therapeutics

Jiang Y. et al. (2016)

Xylanase Fe3O4/SiO2 Co-precipitation Covalent Enzymatic clarifica-
tion of fruit juices

Shahrestani H. et al. 
(2016)

Organic fluores-
cent dye

PVP/SiO2/Fe3O4 Co-precipitation, 
polymerization, 
sol–gel

Encapsulation Elec-
trostatic interaction

Biomedical, analyti-
cal and catalytic 
application

Viswanathan K. 
(2011)

Glucose oxidase Fe3O4/Polypyrrol Co-precipitation Encapsulation Potentiomeric glu-
cose biosensor

Yang Z. et al. (2014)

Trypsin AuNP/Fe3O4 Solvothermal 
reaction

Covalent Enzymatic digestion 
of proteins to pep-
tides

Cao Y. et al. (2016)

Aptamers AgNP/Fe3O4 Redox reaction Streptavidin-biotin 
affinity binding

Detection of Staphy-
lococcus aureus

Abbaspour A. et al. 
(2015)

v) Self-assembled biomolecule-nanoparticle hybrid

BSA Copper(II) phos-
phate

Self-assembly — Decomposition of 
organic dyes in 
wastewater treatment

Huang Y. et al. 
(2015)

α-lactalbumin, 
laccase, carbonic 
anhydrase and 
lipase

Copper(II) phos-
phate

Self-assembly — Bionsensors Ge J. et al. (2012)

Sericin Copper(II) phos-
phate

Self-assembly — Adsorption of heavy 
metal ions

Koley P. et al. 
(2016)
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2012). Hydrophobic interaction can also be utilised to 
allow binding of biomolecules with protein nanoparticles 
having hydrophobic properties such as gliadin as reported 
by Joye I.J. et al. (2015). Through fluorescence quenching 
and thermodynamic analysis, they found that binding of 
gliadin nanoparticles and resveratrol, a polyphenol ex-
tracted from a grape skin is predominantly mediated by 
hydrophobic interactions rather than hydrogen bonding.

Both of the electrostatic and hydrophobic interactions 
requires fewer modification steps, thus provide a simple 
and rapid route for Biofuntionalisation of nanoparticles. 
However, molecular orientations of the physically bound 
biomolecules are difficult to control. By introducing spe-
cific functional groups on the nanoparticles such as avi-
din, biomolecules can bound onto the nanoparticles more 
effectively through affinity interactions (Zhang Y. et al., 
2012). Avidin is a glycoprotein composed of four identical 
subunits which have high specificity and affinity towards 
biotin, resulted in a strong affinity interaction. Despite 
these advantages, avidin possesses several drawbacks in-
cluding a high degree of non-specific binding in vivo at-
tributed to its basic isoelectric point and glycosylation, 
and the high possibility of immunogenicity. Moreover, the 
strong avidin-biotin interaction might hinder the release 
of tagged biomolecules from the biotin or avidin. To over-
come these issues, extensive research effort has been de-
voted to develop new variants of avidin from different 
sources or through genetic modification (Jain A. and 
Cheng K., 2017).

Streptavidin, a non-glycosylated tetrameric protein, is 
the most widely used avidin analogue. Biotinylated pro-
teins such as immunoglobulins and bovine serum albu-
min, oligonucleotides and single strand DNA have been 

bound onto streptavidin functionalised nanoparticles such 
as silver and gold (Tauran Y. et al., 2013). By utilising an 
electric-field-directed self-assembly method, Hsiao A.P. 
and Heller M.J. (2012) have successfully developed a mul-
tilayer structures glucose sensor composed of glucose ox-
idase, horseradish peroxidase and alkaline phosphatase 
enzymes conjugated with streptavidin/avidin-biotin 
nanoparticles through affinity interaction. The catalytic 
activity of the enzymes was preserved after the assembly, 
suggesting that the process employed did not have an ad-
verse effect on the enzyme. Affinity interactions can also 
be achieved through antibody-antigen binding to allow 
assembly of NP-antibody conjugate with its respective 
antigen which is beneficial to increase the NP-antibody-
antigen association constant, with respect to the free anti-
body (Katz E. and Willner I., 2004).

4.1.2 Functionalisation of nanoparticles with 
biomolecules through covalent interactions

Conjugation of biomolecules with nanoparticles via co-
valent interactions can be achieved by means of chemisorp-
tion of the biomolecules on the particle surface or through 
the use of a bifunctional linker (De M. et al., 2008). 
Chemisorption is a simple chemical reaction that occurs 
between thiol group of biomolecules and the nanoparti-
cles through cysteine residues that are present on the sur-
face of the biomolecules (Fig. 4a). If no thiolated residues 
available in the native biomolecules, the thiol group can 
be introduced chemically onto the outer part of biomole-
cules using Traut̀ s reagent (2-aminothiolane) to allow 
biomolecules-NP interaction (Fig. 4b) (De M. et al., 2008; 
Zhang Y. et al., 2012). The noble metal nanoparticle, par-
ticularly gold (Au) nanoparticle is highly reactive toward 
thiol group, thus forming a superior Au-S bond. The 
strong binding affinity of Au towards thiols has been ex-
ploited for conjugation of biomolecules such as DNA, 
peptides, antibodies, and proteins onto the nanoparticle 
surface (Katz E. and Willner I., 2004; Spampinato V. et 
al., 2016; Yu M.K. et al., 2012). Conjugation of maltose 
binding protein (MBP) to gold nanoparticles funtionalised 
with thiol-modified glucose (TG) self-assembled mono-
layers has been studied by Spampinato V. et al. (2016). 

Fig. 3  Non-covalent functionalisation of nanoparticles with 
biomolecules.

Fig. 4  Covalent functionalisation of nanoparticles through a) 
Cysteine residue; b) Addition of Traut’s reagent.
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Surface chemistry analysis of the gold nanoparticles be-
fore and after functionalisation and interaction with TG 
and MBP revealed that the reaction of the thiolated gold 
nanoparticles with MBP occurred with specific amino 
acid residues exist in the protein binding pocket. In an-
other study, Mejias S.H. et al. (2016) have demonstrated 
the successful assembly of an idealised protein building 
block, the consensus tetratricopeptide repeat (CTPR) into 
the nanoparticle surface through thiol chemisorption of 
the protein cysteine residues. As a comparison, adsorp-
tion of CTPR without cysteine residues on the gold sur-
face was also carried out. They found that direct 
adsorption of CTPR having cysteine residues occurs 
through a single-point interaction of the thiol-derivative 
protein on the gold surface while the adsorption of CTPR 
with no cysteine residues proceeds through unspecific 
multipoint attachment of the protein.

Covalent binding through bifunctional linkers provide 
a versatile means for biomolecules conjugation. Low mo-
lecular weight bifunctional linkers which have anchor 
groups such as thiols, disulfides and phosphine ligands 
containing terminal carboxy, amino or maleimide groups 
are commonly used to bind biomolecules to the nanopar-
ticles such as Au, CdS, ZnS, CdSe/ZnS and Ag. These 
anchor groups can be utilised to replace weakly adsorbed 
molecules for the nanoparticles stabilisation. Besides, 
during the synthesis stage of the nanoparticles, the anchor 
groups can be introduced to functionalise the nanoparti-
cles surface for further reactions. Coupling of biological 
components to the ligands occur via carbodiimide- medi-
ated amidation and esterification, or through reaction with 
thiol groups (De M. et al., 2008; Niemeyer C.M., 2001). 
For the oxide nanoparticles such as SiO2, alkoxy- or halo
silane groups are commonly used to covalently bind the 
linkers to the nanoparticles (Katz E. and Willner I., 2004). 
In other research done by Mejias S.H. et al. (2016), gold 
nanoparticles were attached to the immobilised CTPR 
having cysteine residues via the formation of a covalent 
amide linkage between the terminal amine of the protein 
and the carboxylate groups of the gold nanoparticles, re-
sulting in the formation of an ordered monolayer of CTRP 
that can be applied in the controlled patterning of gold 
nanoparticles.

4.1.3 Encapsulation of biomolecules in polymeric 
materials

Polymeric nanoparticles are solid particles that have 
been used extensively as carriers for biomolecules at-
tributed to their unique properties such as can be co-
polymerised, easy to synthesise and the polymer surface 
can be modified for biomolecules conjugation (Menon J.U. 
et al., 2014).. They can be fabricated in the form of nano-
spheres and nanocapsules (Fig. 5). The entire mass of the 
nanospheres composed of a solid polymer and the biomol-

ecules can be attached to the surface or encapsulated 
within the particle while the nanocapsules are designed in 
such a way that the biomolecules are confined inside a 
core-shell structure (Rao J.P. and Geckeler K.E., 2011; 
Wang E.C. and Wang A.Z., 2014). In some cases, the bio-
active substances can also be adsorbed on the surface of 
the capsule (Jawahar N. and Meyyanathan S., 2012).

Encapsulation is a rapidly growing technology with di-
verse potential applications particularly in pharmaceutical 
and food industries. The major advantage of the encapsu-
lation strategy is the protection of biomolecules against 
denaturing environment which might cause undesirable 
conformational changes to the biomolecules native struc-
ture and function. Moreover, encapsulation allows con-
trolled release of biomolecules at the targeted sites. 
Techniques for nanoencapsulation of food and bioactive 
compounds have been reviewed comprehensively by 
Ezhilarasi P.N. et al. (2013).

4.2 Recent advances in the integration of 
biomolecules with nanoparticles

4.2.1 Organic-organic nanoparticle conjugates
Biological nanoparticles form part of many industrial 

products, particularly in food, pharmaceutical, and cos-
metic industries. One of the most important features of 
biological nanoparticles is that they offer relatively simple 
means for encapsulation of biomolecules, resulting in the 
formation of organic-organic nanoparticle complexes. For 
instance, encapsulation of β-carotene into whey protein 
concentrate (WPC) was achieved by means of electro-
spraying from aqueous solutions of β-carotene/WPC 
mixture at various pH conditions, resulting in a formation 

Fig. 5  Different modes of interaction of biomolecules with 
polymeric nanosphere and nanocapsule.
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of nanocapsule with high encapsulation efficiency and 
stability against photo-oxidation (López-Rubio A. and 
Lagaron J.M., 2012).

Biological nanoparticles derived from a single compo-
nent of biomolecule have been widely used as cancer che-
mo-preventive and therapeutic agents. However, the 
single component biological nanoparticle system might 
possess a lack of stability and potential toxicity in a cellu-
lar system. These challenges can be potentially solved by 
conjugation of biomolecules with biological nanoparticle 
through strategic functionalisation. Liao W. et al. (2016) 
reported that selenium nanoparticles functionalised with 
a Dictyophora indusiata polysaccharide formed monodis-
persed nanoparticles with high stability attributed to the 
high electrostatic repulsion between hydrophilic moieties 
on the surface of the polysaccharide in comparison with 
the bare selenium. Moreover, the nanoparticle conjugate 
exhibited enhanced selectivity and antiproliferative activ-
ity by inducing cell apoptosis.

Strategies of mixing of two or more biological compo-
nents to yield hybrid biological nanoparticles have also 
been reported by several researchers for encapsulation of 
biomolecules and bioactives such as curcumin (Huang 
Y.C. and Kuo T.H., 2014), quercetin (Ha H.-K. et al., 2013) 
and (–)-epigallocatechin-3-gallate (Hu B. et al., 2012) into 
chitosan based nanoparticles. This is due to the fact that 
nanoparticles formulated from bare chitosan is unstable 
and can be easily dissociated at low pH which potentially 
leads to the release of the encapsulated biomolecules. By 
mixing the chitosan with other biological compounds 
such as fucoidan, β-lactoglobulin, and peptide, hybrid 
nanoparticles with remarkable improvement in stability, 
encapsulation efficiency and functional properties were 
obtained (Ha H.-K. et al., 2013; Hu B. et al., 2012; Huang 
Y.C. and Kuo T.H., 2014).

Recently, considerable interests have been shown to 
utilise hydrophobic protein nanoparticles such as zein for 
encapsulation of lipophilic compounds such as curcumin. 
However, zein nanoparticles have poor stability against 
the changes in environmental conditions such as pH and 
temperature. Coating the protein nanoparticle with poly-
saccharide molecules allow the modulation of an electro-
static interaction and steric repulsion between the 
particles, thus improving the nanoparticle stability. The 
recent example is the development of zein-pectin/alginate 
nanoparticle for encapsulation of curcumin as reported by 
Huang X. et al. (2016). The curcumin loaded core-shell 
nanoparticles show enhanced water dispersibility and an-
tioxidant activity.

4.2.2 Biomolecule-polymer nanoparticle conjugates
A great deal of effort has now been focused on design-

ing biomolecule-polymer nanoparticle conjugates with 
unprecedented properties, driven by the vast development 

of novel bio-conjugation and polymerisation techniques. 
Various type of polymeric materials have been investi-
gated either as support or carrier matrix for biological 
compounds which include poly (ethylene glycol) (PEG), 
poly (lactic acid) (PLA), polyglycolides (PGA), poly 
(lactide-co-glycolides) (PLGA), polycaprolactone (PCL) 
and poly(hydroxy butyrate) (PHB) (Panta P. et al., 2014; 
Sapsford K.E. et al., 2013). These polymers are mostly 
biocompatible and biodegradable and may have other use-
ful properties such as stimulus-responsive function and 
good mechanical strength that can be utilised for fabrica-
tion of various types of biomolecule-polymer conjugates 
(Wang E.C. and Wang A.Z., 2014).

Conjugation of polymer with protein such as albumin 
has been widely explored for drug delivery applications. 
The resulting nanoparticles usually have a biocompatible 
and bioactive albumin shell while the core is rich in a hy-
drophobic polymer that can entrap drugs. This strategy 
can aid the delivery of drugs and targeting the cancer 
cells. Protein-polymer nanoparticles conjugate consisted 
of FDA approved thermoplastic hydrophobic polymer of 
poly-methyl methacrylate (PMMA) and bovine serum al-
bumin (BSA) have been successfully synthesised by Ge J. 
et al. (2011) for application in drug delivery. This hybrid 
nanoparticle with spherical structure and an average size 
of 100 nm were fabricated by using nanoprecipitation 
method. The size and surface charge can be tuned by con-
trolling the weight ratio and concentration of both the 
BSA and PMMA. Encapsulation of hydrophobic drug, a 
camptothecin in the BSA-PMMA nanoparticles showed 
efficient cell uptake and enhanced antitumor activity. 
Since PMMA is a nondegradable polymer, Jiang Y. et al. 
(2016) prepared a curcumin loaded albumin-polymer 
nanoparticle from a biodegradable polymer of polycapro-
lactone (PCL) and the performance of this nanoparticle 
was compared with PMMA for prostate carcinoma ther-
apy. The fully degradable PCL-based nanoparticles can 
deliver the drug more efficiently in comparison with the 
PMMA-based nanoparticles and effectively limits the tu-
mor growth.

Other work on the synthesis of a protein-polymer hy-
brid was done by (Dag A. et al., 2015) to enhance the de-
livery of macromolecular platinum drugs into cancer 
cells. The polymer was prepared by copolymerization of 
N-(2-hydroxypropyl) methacrylamide (HPMA) and Boc 
protected 1,3-diaminopropan-2-yl acrylate (Ac-DAP-Boc), 
yielded a P(HPMA 14-co-(Ac-DAP-Boc), which was used 
as a macromolecular ligand for the conjugation of the 
platinum drug. After activation, the polymer-drug was 
further conjugated with albumin by exploiting the Cys34 
functionality. This albumin-coated nanoparticle shows 
superior toxicity to the cancer cell in comparison with the 
polymer nanoparticles without protein coating.

A special form of polymeric nanomaterial, a dendrimer, 
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is a cationic polymer with well-defined molecular shape 
and unique architecture. This type of polymer has high 
water solubility and a large number of surface groups 
which make them as a versatile nanostructure. Conjugation 
of protein to dendrimer has been reported by Chanphai P. 
et al. (2016). Polyamidoamines (PAMAM) dendrimers 
were conjugated with trypsin from bovine pancreas and 
trypsin inhibitor from glycine. Stable bindings of the 
PAMAM dendrimers with both proteins occur through 
hydrophilic and hydrogen bonding as well as Van der 
Waals interaction, suggesting that this hybrid system 
could be used further enzymatic catalysis study. Besides 
that, the PAMAM dendrimers have been studied previ-
ously by Menjoge A.R. et al. (2011) for the delivery of 
drug to pregnant women, without affecting the fetus by 
intercepting the drug so that it cannot pass through the 
fetal membrane.

4.2.3 Organic-inorganic nanoparticle conjugates
Considering the versatile physicochemical properties of 

inorganic nanoparticles including wide availability and 
rich functionality, in combination with their unique op
tical, electronic, and catalytic properties, conjugation of 
biological molecules and inorganic nanoparticles have 
opened a new route in the development of advanced func-
tional materials with significantly enhanced features and 
broad applications. Various inorganic nanoparticles in-
cluding metals, metal oxides, and quantum dots have been 
prepared by various synthetic procedures and hybridised 
or immobilised with biomolecules such as DNA, en-
zymes, and antibodies either through covalent or non-
covalent interactions that have been discussed previously.

Gold nanoparticles (AuNPs) represent one type of 
metal nanoparticles that found numerous applications in 
imaging, sensing, and nanomedicine. The utilisation of 
biomolecules to tune the surface chemistry and the 
assembly of AuNPs is a very attractive approach for the 
development of next generation nanometric complexes. 
Politi J. et al. (2015) have shown that hybridisation of a 
fungal protein, namely hyrophobin (HFB) Vmh2 with 
AuNPs can be achieved via a simple one step chemical 
reduction process, yielding a highly stable HFB-AuNPs 
that can interact well with a model protein of BSA and 
immunoglobulins. The addition of dicarboxylic acid-
terminated polyethylene-glycol (PEG) during the synthe-
sis process produced hybrid complexes with outer surface 
rich in functional chemical groups that can be tailored for 
attachments of various compounds.

Integration of enzymes with inorganic nanoparticles 
has shown to have a remarkable effect on the enzyme cat-
alytic performance. This is attributed to the extremely 
small size of the nano scale material and their unique sur-
face chemistry (Ding S. et al., 2015). For example, cova-
lently bound pepsin on gold nanoparticles via amide 

coupling has produced efficient biocatalyst with suffi-
ciently high stability for application in analysis of thera-
peutic proteins and peptides (Höldrich M. et al., 2016).

Recently, multi-enzyme catalysis was developed by 
Sojitra U.V. et al. (2016) by covalently bind three types of 
enzymes (alpha-amylase, pectinase and cellulase) on 
amino functionalised magnetic nanoparticles for clarifica-
tion of fruit juices. The tri-enzyme magnetic nanobiocat-
alyst allows rapid reduction of the fruit juices turbidity, in 
comparison with the individual enzyme system. Another 
multienzyme-nanoparticle complex was constructed by 
Honda T. et al. (2015) by using magnetosome display sys-
tem to prepare a system that can mimick natural cellulo-
somes on magnetic nanoparticle. As a proof of concept, 
two types of fluorescent proteins which are the green flu-
orescent and mCherry were initially immobilised on the 
MNPs. These proteins showed a close proximity on the 
magnetic nanoparticles. Later, endoglucanase (EG) and 
β-glucosidase (BG) were immobilised on the magnetic 
nanoparticles to promote rapid hydrolysis of car-
boxymethyl cellulose.

4.2.4 Biomolecule-hybrid nanoparticle conjugates
Hybrid nanocarrier can be prepared by mixing two or 

more components such as magnetic and metal nanoparti-
cles. By using this strategy, properties of both materials 
can be merged and enhanced. As recently being reported 
by Cao Y. et al. (2016), a magnetic iron oxide nanoparti-
cles were coated with a layer of gold nanoparticles and 
used for trypsin immobilisation. This system provides a 
robust carrier for the enzyme. Moreover, the magnetic 
feature facilitated separation from the reaction media 
and enabled repeated usage of the enzyme. Magnetic nano
particles can also be designed in a form of core-shell 
structure by conjugation with other materials such as 
hydroxyapatite (Xie W. and Zang X., 2016), silica 
(Shahrestani H. et al., 2016) and polypyrrol (Yang Z. et 
al., 2014) for the development of novel composites support 
for enzyme immobilisation.

A sandwich hybrid nanoparticle has been designed by 
Abbaspour A. et al. (2015) by immobilising a biotinylated 
primary aptamer on capture probe of a streptavidin coated 
magnetic nanoparticle. A secondary aptamer was coupled 
to a silver nanoparticle (AgNP) for the target detection. In 
the presence of target bacterium (S. aureus), a sandwich 
complex of Apt/S.aureus/Apt-AgNP is formed on the 
magnetic nanoparticle surface, giving an electrochemical 
signal. This sandwich system combined the unique fea-
tures of magnetic nanoparticles as a carrier of affinity 
ligands for solution-phase recognition, a hassle free mag-
netic separation and highly sensitive signal amplification 
by AgNP.

Hybrid nanoparticles based on polymeric materials 
conjugated with protein have also been reported. In the 
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study done by Jiang Y. et al. (2016), bovine serum albu-
min (BSA) was utilised as a hydrophilic moiety of the 
hydrophobic maleimide-terminated polycaprolactone 
nanoparticles to improve the biodegradability and bio-
compatibility of the polymer nanoparticle for encapsula-
tion of curcumin.

4.2.5 Self-assembled biomolecule-nanoparticle 
conjugates

Self-assembly is an advanced technology that is capa-
ble of integrating different components together sponta-
neously for the fabrication of the desired hybrid materials. 
Proteins can be incorporated into nanostructures during 
the growth phase of the inorganic material and a unique 
flower-like structure was obtained as shown in the study 
done by Ge J. et al. (2012). The formation of hybrid nano-
flowers is believed due to the protein-induced nucleation 
of copper phosphate crystal during the self-assembly pro-
cess, which binds the nanocrystal petals together. Incor-
poration of laccase into the protein-inorganic nanoflowers 
resulted in enhanced laccase activity and stability, in 
comparison with the free enzyme.

Huang Y. et al. (2015) extended this work to explore the 
potential applications of the inorganic copper-phosphate 
framework of the hybrid nanoflowers by introducing BSA 
as the model protein. This copper-phosphate framework 
has an intrinsic peroxidise-like activity that promotes the 
development of a hybrid material with superior durability 
and stability. Moreover, the nanostructure morphology 
can be preserved during catalytic reaction, even at high 
temperature. The system also has been tested by using 
glucose oxidase (GOx) to replace BSA as the protein 
component to study the communication between artificial 
and natural enzyme. Interestingly, they found that a 
self-activated cascade reaction could be achieved through 
in one integrated system whereby the artificial enzymatic 
cascade could mimic the natural ones. Through this 
newly developed technology, deep understanding of the 
complex enzymatic reactions could be achieved. They 
also proposed that this hybrid nanoflowers have potential 
to be applied in the decomposition of organic dyes and 
waste water treatment.

Most recently, the fabrication of hybrid nanoflowers 
with abundant surface porosity has been reported by 
Koley P. et al. (2016). Sericin, a silk protein was used as 
the organic component and copper-phosphate as the inor-
ganic counterpart. By tuning the protein concentration, 
various morphological structures of the nanoflowers were 
observed. Similar with the BSA-copper phosphate nano-
flowers synthesized by Huang Y. et al. (2015), this sericin 
hybrid nanoflowers exhibited excellent thermal stability 
even after calcination. The calcination process resulted in 
the complete evaporation of the sericin molecules which 
eventually increases the nanoflowers porosity, thus sig-

nificantly increased its surface area for adsorption of 
heavy metal ions from wastewater.

5. Applications of biomolecule-nanoparticle 
conjugates

5.1 Medical and pharmaceutical

The recent development in the field of nanomedicine 
particularly in the drug delivery application has led to the 
discovery of nanoparticle-based therapeutics for diagnosis 
and treatment of diseases such as cancer, diabetes, and al-
lergy. The fundamental characteristics of nanoscale mate-
rials such as greater solubility and diffusivity have been 
shown to improve drug release characteristic and blood 
circulation half-life (Valo H., 2012). Furthermore, the 
nanoparticle-based drug delivery system allows better 
control of drug release to the targeted area which conse-
quently lowers the administration frequency and mini-
mises the possibilities of systemic side effects (Mahapatro 
A. and Singh D.K., 2011).

Several studies have been attempted to develop 
biomolecule-nanoparticle conjugates for cancer therapies. 
By mimicking the ability of Salmonella enterica serotype 
Typhimurium pathogen to reverse multidrug resistance, a 
semi-synthetic ‘Salmonella nanoparticle mimic’ based on 
gold nanoparticle packaged with effector protein (SipA) 
has been constructed by Mercado-Lubo R. et al. (2016). 
The system could suppressed the growth of tumour by 
reducing the P-glycoprotein, a multidrug resistance trans-
porter, at a SipA dose significantly lower than the free 
SipA and increases tumour sensitivity to conventional 
chemotherapeutics. In another study, conjugation of 
prostate-specific antigen (PSA) to gold nanoparticles has 
enhanced the efficacy and sensitivity of the PSA for diag-
nosis of prostate cancer based on localised surface plas-
mon resonance (Jazayeri M.H. et al., 2016). Enzyme 
prodrug therapy based on horseradish peroxidase (HRP) 
immobilised onto mesoporous silica nanoparticles converts 
a prodrug (indole-3-acetic acid (IAA)) into cytotoxic radi-
cals, which caused apoptotic tumor cell death in human 
colon carcinoma cells as reported by Hung B.-Y. et al. 
(2015).

Integration of nanoparticle with biomolecule also 
allows the development of three-dimensional scaffolds 
based on gelatin-hydroxyapatite hybrid nanoparticles with 
uniformly distributed nano-topologies for application in 
osteogenesis (Yang G. et al., 2017). Interestingly, the par-
ticle morphology has shown to have a remarkable effect 
on bone formation in which the spherical nanoparticles 
show the strongest bone formation capacity in comparison 
to the nanoparticles with a different shape.

For minimising carrier-induced undesirable cytotoxicity, 
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nanoparticle which are derived from proteins and poly-
saccharides are promising vehicles in nanoparticle-
mediated delivery systems (Gan Q. et al., 2005; Hu B. et 
al., 2012; Nitta S.K. and Numata K., 2013). Encapsulation 
of dietary phytochemicals, (–) epigallocatechin-3-gallate 
(EGCG) with highly biocompatible nanoparticles derived 
from bioactive peptide/chitosan is able to enhance bio-
availability of the EGCG (Hu B. et al., 2012). The EGCG 
loaded-peptide/chitosan nanoparticle could serve as an ef-
fective nanochemoprevention in cancer management and 
prevention.The use of protein nanoparticles as a carrier 
for various types of drugs allows the drugs to be trans-
ported across the blood-brain barrier (Sundar S. et al., 
2010). Binding of drugs to polysaccharide nanoparticles 
such as albumin and gelatine could enhance the antitu-
mour function of the drugs (Huang Y.C. and Kuo T.H., 
2014; Jiang Y. et al., 2016; Kobayashi K. et al., 2014). In 
an advanced drug delivery system, more types of drugs 
could be delivered simultaneously to generate synergistic 
therapies of diseases.

One of the major challenges in the intracellular deliv-
ery of anti-cancer drugs to a cancer cell is the rapid 
changes in pH due to the acidification that occurs in the 
endosomal compartments. In this viewpoint, a novel strat-
egy has been designed by Kim B.J. et al. (2015) for the 
synthesis of pH-responsive drug delivery system by using 
mussel adhesive proteins (MAPs)-based iron(III)–3,4-
dihydroxyphenylalanine (DOPA) nanoparticles. The pH-
responsive release of drugs was achieved by exploiting 
the pH-dependent changes in the coordination stoichiom-
etry of the DOPA complexes. This newly developed sys-
tem has shown effective cytotoxicity towards cancer cells 
and therefore, can be applied further for the diverse con-
trolled-drug delivery application.

With the significant advantages of the nanoscale mate-
rials and the advancement made in the drug delivery, sev-
eral types of the drug-bound biological nanoparticles are 
currently under clinical trial and a few are already com-
mercialised such as albumin-bound paclitaxel, which is 
marketed as Abraxane, for use in metatstatic breast cancer 
treatment. Most recently, Bhattacharyya J. et al. (2015) 
have successfully designed a new drug delivery system 
for paclitaxel that outperforms the readily commercialised 
Abraxane with 2 times greater systemic exposure and tu-
mor uptake. The system was prepared with a chimeric 
polypeptide that could self-assemble spontaneously, pro-
ducing monodispersed nanoparticle of 60 nm in size. The 
chimeric polypeptide-paclitaxel conjugate has shown near 
complete tumor regression in breast and prostate cancer 
tumor models after single dose injection. These outstand-
ing performances are attributed to the improvement of the 
aqueous solubility, plasma-half life, tumor uptake and 
therapeutic potential of the self-assembled chimeric poly-
peptide nanoparticle.

5.2 Biosensors and bioelectronics

Nanotechnology has broadened the opportunities and 
added a new dimension in designing powerful biosensor 
and bioelectronic devices for diagnostic of diseases and 
detection of contaminants in medical, food and agricultural 
sector. Substantial research efforts are currently being 
directed towards the utilisation of biological molecules 
hybridised with nanoparticles for the development of 
novel biosensor and bioelectronic system (Willner I. et al., 
2007).

Ulltrasensitive biosensor for detection of epithelial tu-
mor marker has been developed by Hu R. et al. (2014) 
through the immobilisation of hairpin oligonucleotide 
(HO) and horseradish peroxidase (HRP) on AuNPs. The 
HO-AuNP-HRP conjugate provides multiple signal am-
plification strategy that could enable rapid detection and 
enhanced the detection sensitivity in a wide linear range. 
This strategy was achieved by modification of the biosen-
sor surface by carbon nanotubes for accelerating the elec-
tron transfer while the HO-AuNPs-HRP enzyme acts as a 
tracing tag for the electrochemical detection. This newly 
developed electrochemical method can be applied for di-
agnostic and detection of diseases.

Besides for cancer detection, a biosensor based on im-
mobilised enzyme-nanoparticles has also been applied for 
neurobiology for detection of glutamate, important excit-
atory signaling molecules that are responsible for carry-
ing out various brain functions. Özel R.E. et al. (2014) 
used nanocomposite based on ceria and titania nanoparti-
cles, dispersed in a semi-permeable membrane made up 
from chitosan, that was co-immobilised with glutamate 
oxidase (GmOX) on the platinum electrode for fabrication 
of glutamate biosensor. Conjugation of the ceria and tita-
nia nanoparticles provide ‘oxygen rich’ environment for 
the biosensor to detect glutamate in hypoxic conditions 
while the immobilisation of this nanoparticle conjugate in 
a biocompatible chitosan membrane facilitate the enzyme 
stabilisation.

Enzymes-based biosensors are now gaining more pop-
ularity for a rapid detection and on-line and in situ moni-
toring of specific compounds in medical, environmental 
and food industries. For example, a novel potentiometric 
glucose biosensor has been fabricated by Yang Z. et al. 
(2014) by immobilising core-shell hybrid nanoparticles of 
iron oxide, glucose oxidase (GOx) and polypyrrole to the 
surface of magnetic glassy carbon electrode. This biosen-
sor enabled fast detection and highly-selective glucose 
monitoring with low detection limit and wider linear 
range. Enzymes-based biosensors have also been used for 
detection of phenolic compounds by using various types 
of enzymes such as tyrosinase, horseradish peroxidise 
and laccase (Rodríguez-Delgado M.M. et al., 2015).

Recently, many researchers discovered the unique and 
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programmable molecular recognition of DNA for the de-
velopment of artificial, machine-like devices. DNAzymes, 
an important functional nucleotide acid have been rec-
ognised as important building blocks for the construction 
of nanodevices. The development of a walking system 
based on DNAzymes that are moving along a DNA track 
has been reported. The motion is driven by the chemical 
energy that has been supplied by the DNAzyme substrate. 
This concept was used by Liu and co-workers (2013) to 
design DNA hemin-G-quadruplex-DNAzyme-based 
walkers which allow the chemiluminescence, chemilumi-
nescence resonance energy transfer (CRET), electro-
chemical, or photoelectrochemical transduction of the 
switchable states of the different DNA machines. Besides 
that, the DNA exhibited a unique feature of being easy to 
code which enables them to be used in the computational 
operation and logic gates (Gong L. et al., 2015).

Development of nanoscale memory devices is another 
interesting application of biomolecule-nanoparticle conju-
gates. Hybrid nanoparticle composed of recombinant 
azurin, a well-characterised redox protein and a quantum 
dot (CdSe-ZnS) have been developed by Yagati A.K. et al. 
(2017). By introducing a site specific amino acid se-
quences in azurin, the CdSe-ZnS nanoparticle can bind 
with the protein, thus forming resistive random access 
memory (ReRAM) device with reversible voltage driv-
en-switching function and repeatable writing-reading 
processes.

5.3 Foods

Despite the explosion of nanotechnology in diverse 
fields, particularly in medical and pharmaceutical, the ap-
plication of nanotechnology in the food sector is consid-
ered still in infancy stage due to the public perception and 
preference on the so called ‘natural’ food products, which 
limit the development of new food technologies (Duncan 
T.V., 2011). However, as the nanotechnology has been rev-
olutionised in the past few years, the potential uses of 
nanotechnology in food industries have already been rec-
ognised in every chain of food products development, 
ranging from the processing to packaging and storage 
(Berekaa M.M., 2015).

Nanoparticles have been used as nanocarrier which is 
known as ‘nutrition delivery system’. The nanoscale de-
livery system plays an important role in improving food 
or nutrients absorption in the human body, particularly 
for those who suffer from the gastroinstestinal disease. 
Nanoparticles are also useful for enhancing bioavailabil-
ity of poorly soluble bioactive compounds and improving 
food properties such as stability and texture.

The main criterion for the application of nanoparticles 
in food products is the particles which must be developed 
from food grade materials. In this regard, nanoparticles 

from biomolecules origin are the most suited for that pur-
pose (Ha H.-K. et al., 2013). Chitosan and whey protein 
have been widely used as encapsulant of neutraceuticals, 
food ingredients, probiotics and enzymes due to their ease 
of availability in large quantity in combination with their 
good physical and mechanical properties. Ha and 
co-workers (2013) used linoleic acid modified chitosan/
β-lactoglobulin for encapsulation of quercetin, a hydro-
phobic bioactive compound with good anticancer, antivi-
ral and antioxidant properties. Findings by Yi J. et al. 
(2015) has shown that whey protein isolate was more ef-
fective for encapsulating beta-carotene than other type of 
protein such as soybean protein with great improvement 
in radical scavenging and cellular antioxidant activities. 
Recently, calcium induced cruciferin nanoparticles from 
canola protein prepared by cold gelation method have 
been utilised as a protecting agent for β-carotene to in-
crease its bioavailability (Akbari A. and Wu J., 2016). The 
main driving forces for the formation of the nanoparticles 
were hydrophobic interaction and electrostatic forces. 
Another study done by Marelli B. et al. (2016) shows that 
coating of food ingredients with protein nanoparticles 
such as silk fibroin has a positive effect on improving 
food shelf-life.

Besides used in the development of food products, nano
technology also plays a crucial role in food packaging 
sector. Incorporation of nanoparticles in food packaging 
materials could provide efficient food preservation system 
by improving barrier protection by scavenging oxygen 
and other spoilage causing constituents and improve anti-
microbial properties. For example, packaging film made 
up from whey protein-montmorillonite nanoparticle acti-
vated with lycopene could improve the film barrier prop-
erty against water vapour and at the same time provide 
antioxidant activity and UV-light protection (Pereira R.C. 
et al., 2016).

5.4 Agricultures

The role of nanotechnology in agricultural sectors cov-
ers the conversion of agricultural waste into energy or 
other useful byproducts, detection and prevention of crops 
diseases, treatment of plants using various types of nano-
cides and delivery of agrochemicals such as pesticides, 
fertilizers, genetic materials and growth hormone (Nair R. 
et al., 2010; Nuruzzaman M. et al., 2016). With respects to 
the delivery of agrochemicals, nanoscale materials have 
novel characteristics that can improve bioactivity and 
agrochemicals efficiency through the development of a 
smart delivery system. In the smart delivery system, nano
scale carriers are utilised with the aim to enhance con-
trolled-release properties of the agrochemicals, increase 
the active ingredients solubility, and improve the stability 
of pesticides as well as for preventing premature degrada-
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tion of crops.
Silica nanoparticles have been explored as a control 

agent for agricultural pesticides. Conjugation of terpenes 
(α-pinene and linalool) onto the silica nanoparticles sur-
face resulted in enhanced bioavailability of the com-
pounds and improved the antifeedant potential of the 
individual terpenes against insects which consequently 
prolonged shelf-life of the terpenes (Usha Rani P. et al., 
2014).

Nowadays, growing interest has been shown in the util-
isation of biodegradable and biocompatible materials de-
rived from natural materials particularly chitosan-based 
for the development of the agriculture nanocarriers. Chi-
tosan is a versatile polymer which is well known to serve 
two major functions in agriculture; preventing the spread 
of pathogens with its wide-spectrum of antimicrobial 
properties and enhancing immunity defenses of the plant 
(Xing K. et al., 2016).

The presence of phytopathogenic fungi and viruses has 
resulted in severe damages to many crops around the 
globe. The control of diseases caused by these microor-
ganisms is a problem that remains unsolved (Cota-Arriola 
O. et al., 2013). To protect crops from fungal pathogens, 
the growth of the fungi can be inhibited by using protein-
chitosan nanoparticle conjugate as demonstrated by 
Sathiyabama M. and Parthasarathy R. (2016). The chi-
tosan nanoparticle was prepared through the biological 
method by the addition of anionic proteins to the chitosan 
solution. They found that this protein-chitosan nanoparti-
cle conjugate has high antifungal activities which inhibit 
the growth of the phytopathogenic fungi tested. Addition-
ally, treatment of the chitosan nanoparticle with chickpea 
seeds allows the nanoparticle to be used as a growth pro-
moter. Chitosan-based nanoparticles have also been pre-
pared by Xing K. et al. (2016) for controlling pathogenic 
fungi in agriculture. The antifungal nanoparticle was pre-
pared by grafting oleoyl onto the chitosan molecules, 
yielding an oleoyl-chitosan nanoparticle hybrid with size 
around 297 nm. Improvement in the antifungal index was 
observed as the concentration of the nanoparticle in-
creased.

6. Conclusions and future prospects

In this review, various types of biological nanoparticles 
and the synthesis methods have been discussed. Fabrica-
tion of biological nanoparticles through drying methods, 
particularly electrospraying is highlighted mainly due to 
the ability of the method to generate nanoparticles with a 
narrow size distribution that often could not be achieved 
by the other nanoparticulate fabrication techniques. In or-
der to broaden the application of biological nanoparticles, 
integration of biomolecules with other types of nanoparti-

cles such as inorganic and polymeric through numerous 
biofunctionalisation strategies have been established. 
However, much remains to be discovered in this newly 
emerging field. With the recent technological advance-
ments and innovations, next generation of biological 
nanoparticles that has multiple functionalities will be 
developed which could improve the characteristics of the 
biological nanoparticles and extend its application to di-
verse fields.

References

Abbaspour A., Norouz-Sarvestani F., Noori A., Soltani N., 
Aptamer-conjugated silver nanoparticles for electrochemi-
cal dual-aptamer-based sandwich detection of staphylococ-
cus aureus, Biosensors and Bioelectronics, 68 (2015) 149–
155.

Achilli E., Casajus G., Siri M., Flores C., Kadlubowski S., 
Alonso S.d.V., Grasselli M., Preparation of protein nanopar-
ticle by dynamic aggregation and ionizing-induced cross-
linking, Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 486 (2015) 161–171.

Akbari A., Wu J., Cruciferin nanoparticles: Preparation, charac-
terization and their potential application in delivery of bio-
active compounds, Food Hydrocolloids, 54 (2016) 107–118.

Allouche J., Synthesis of Organic and Bioorganic Nanoparti-
cles: An overview of the preparation methods, in: Brayner 
R. (Ed.), Springer-Verlag, London, 2013, pp. 27–74.

Anton N., Benoit J.-P., Saulnier P., Design and production of 
nanoparticles formulated from nano-emulsion templates—
A review, 128 (2008) 185–199.

Arroyo-Maya I.J., McClements D.J., Biopolymer nanoparticles 
as potential delivery systems for anthocyanins: Fabrication 
and properties, Food Research International, 69 (2015) 1–8.

Avseenko N.V., Morozova T.Y., Ataullakhanov F.I., Morozov 
V.N., Immobilization of proteins in immunochemical 
microarrays fabricated by electrospray deposition, 73 (2001) 
6047–6052.

Berekaa M.M., Nanotechnology in food industry; Advances in 
food processing, packaging and food safety, International 
Journal of Current Microbiology and Applied Sciences, 4 
(2015) 345–357.

Bhakta G., Nurcombe V., Maitra A., Shrivastava A., DNA-
encapsulated magnesium phosphate nanoparticles elicit 
both humoral and cellular immune responses in mice, 
Results in Immunology, 4 (2014) 46–53.

Bhattacharyya J., Bellucci J.J., Weitzhandler I., McDaniel J.R., 
Spasojevic I., Li X., Lin C.-C., Chi J.-T.A., Chilkoti A., A 
paclitaxel-loaded recombinant polypeptide nanoparticle 
outperforms Abraxane in multiple murine cancer models, 
Nature Communications, 6 (2015) 7939 (12pp). http://doi.
org/10.1038/ncomms8939

Bhunchu S., Rojsitthisak P., Biopolymeric alginate-chitosan 
nanoparticles as drug delivery carriers for cancer therapy, 
Pharmazie, 69 (2014) 563–570.

Bilati U., Allémann E., Doelker E., Nanoprecipitation versus 



Suryani Saallah et al. / KONA Powder and Particle Journal

18

emulsion-based techniques for the encapsulation of proteins 
into biodegradable nanoparticles and process-related stabil-
ity issues, AAPS PharmSciTech, 6 (2005) E594–E604.

Bock N., Dargaville T.R., Woodruff M.A., Controlling micro-
encapsulation and release of micronized proteins using 
poly(ethylene glycol) and electrospraying, European Jour-
nal of Pharmaceutics and Biopharmaceutics, 87 (2014) 
366–377.

Cao X., Deng W., Wei Y., Su W., Yang Y., Wei Y., Yu J., Xu X., 
Encapsulation of plasmid DNA in calcium phosphate 
nanoparticles: stem cell uptake and gene transfer efficiency, 
International Journal of Nanomedicine, 6 (2011) 3335–3349.

Cao Y., Wen L., Svec F., Tan T., Lv Y., Magnetic AuNP@Fe3O4 
nanoparticles as reusable carriers for reversible enzyme 
immobilization, Chemical Engineering Journal, 286 (2016) 
272–281.

Cavalli R., Bisazza A., Bussano R., Trotta M., Civra A., Lembo 
D., Ranucci E., Ferruti P., Poly(amidoamine)-cholesterol 
conjugate nanoparticles obtained by electrospraying as 
novel tamoxifen delivery system, Journal of Drug Delivery, 
2011 (2011) 587604 (9pp). http://doi.org/10.1155/2011/587604

Chan H.K., Kwok P.C.L., Production methods for nanodrug 
particles using the bottom-up approach, Advanced Drug 
Delivery Reviews, 63 (2011) 406–416.

Chanphai P., Thomas T.J., Tajmir-Riahi H.A., Conjugation of 
biogenic and synthetic polyamines with trypsin and trypsin 
inhibitor, RSC Advances, 6 (2016) 53690–53697.

Chaturvedi S.P., Kumar V., Production techniques of lipid 
nanoparticles: A review, Research Journal of Pharmaceuti-
cal, Biological and Chemical Sciences, 3 (2012) 525–541.

Chen K., Xu Y., Rana S., Miranda O.R., Dubin P.L., Rotello 
V.M., Sun L., Guo X., Electrostatic selectivity in protein-
nanoparticle interactions, Biomacromolecules, 12 (2011) 
2552–2561.

Chinen A.B., Guan C.M., Mirkin C.A., Spherical nucleic acid 
nanoparticle conjugates enhance G-quadruplex formation 
and increase serum protein interactions, Angewandte Che-
mie International Edition, 54 (2015) 527–531.

Chinh N.T., Trang N.T.T., Giang N.V., Thanh D.T.M., Hang T.
T.X., Tung N.Q., Truyen C.Q., Quan P.M., Long P.Q., Hoang 
T., In vitro nifedipine release from poly(lactic acid)/chi-
tosan nanoparticles loaded with nifedipine, Journal of 
Applied Polymer Science, 43330 (2016) 1–8.

Cota-Arriola O., Onofre Cortez-Rocha M., Burgos-Hernandez 
A., Marina Ezquerra-Brauer J., Plascencia-Jatomea M., 
Controlled release matrices and micro/nanoparticles of chi-
tosan with antimicrobial potential: Development of new 
strategies for microbial control in agriculture, Journal of 
the Science of Food and Agriculture, 93 (2013) 1525–1536.

Dag A., Jiang Y., Karim K.J.A., Hart-Smith G., Scarano W., 
Stenzel M.H., Polymer-albumin conjugate for the facilitated 
delivery of macromolecular platinum drugs, Macromolecu-
lar Rapid Communications, 36 (2015) 890–897.

Das S., Chaudhury A., Recent advances in lipid nanoparticle 
formulations with solid matrix for oral drug delivery, 
AAPS PharmSciTech, 12 (2011) 62–76.

De M., Ghosh P.S., Rotello V.M., Applications of nanoparticles 
in biology, Advanced Materials, 01003 (2008) 4225–4241.

Ding S., Cargill A.A., Medintz I.L., Claussen J.C., Increasing 
the activity of immobilized enzymes with nanoparticle 
conjugation, Current Opinion in Biotechnology, 34 (2015) 
242–250.

Duncan T.V., Applications of nanotechnology in food packaging 
and food safety: Barrier materials, antimicrobials and sen-
sors, Journal of Colloid and Interface Science, 363 (2011) 
1–24.

Ezhilarasi P.N., Karthik P., Chhanwal N., Anandharamakrish-
nan C., Nanoencapsulation techniques for food bioactive 
components: A review, Food and Bioprocess Technology, 6 
(2013) 628–647.

Fabie L., Agostini P., Stopel M., Blum C., Lassagne B., Subra-
maniam V., Ondarcuhu T., Direct patterning of nanoparti-
cles and biomolecules by liquid nanodispensing, Nanoscale, 
7 (2015) 4497–4504.

Fessi H., Puisieux F., Devissaguet J.P., Ammoury N., Benita S., 
Nanocapsule formation by interfacial polymer deposition 
following solvent displacement, International Journal of 
Pharmaceutics, 55 (1989) 1–4.

Fornari E., Roberts C.J., Temperton R.H., O’Shea J.N., Electro-
spray deposition in vacuum as method to create function-
ally active protein immobilization on polymeric substrates, 
Journal of Colloid and Interface Science, 453 (2015) 252–
259.

Friedman A.D., Claypool S.E., Liu R., The smart targeting of 
nanoparticles, Current Pharmaceutical Design, 19 (2013) 
6315–6329.

Gan Q., Wang T., Cochrane C., McCarron P., Modulation of 
surface charge, particle size and morphological properties 
of chitosan-TPP nanoparticles intended for gene delivery, 
Colloids and Surfaces B: Biointerfaces, 44 (2005) 65–73.

Ge J., Lei J., Zare R.N., Bovine serum albumin–poly(methyl 
methacrylate) nanoparticles: An example of frustrated 
phase separation, Nano Letters, 11 (2011) 2551–2554.

Ge J., Lei J., Zare R.N., Protein–inorganic hybrid nanoflowers, 
Nature Nanotechnology, 7 (2012) 428–432.

Gholami A., Tavanai H., Moradi A.R., Production of fibroin 
nanopowder through electrospraying, Journal of Nanoparti-
cle Research, 13 (2010) 2089–2098.

Gilbert W., De Magnete, Anno MDC, Londini, Anno MDC, 
1600.

Gomez-Estaca J., Balaguer M.P., Gavara R., Hernandez-Munoz 
P., Formation of zein nanoparticles by electrohydrodynamic 
atomization: Effect of the main processing variables and 
suitability for encapsulating the food coloring and active 
ingredient curcumin, Food Hydrocolloids, 28 (2012) 82–91.

Gomez A., Bingham D., De Juan L., Tang K., Production of 
protein nanoparticles by electrospray drying, Journal of 
Aerosol Science, 29 (1998) 561–574.

Gong L., Zhao Z., Lv Y.-F., Huan S.-Y., Fu T., Zhang X.-b., Shen 
G.-L., Yu R.-Q., DNAzyme-based biosensors and nanode-
vices, Chemical Communications, 51 (2015) 979–995.

Guo J., Zhong R., Li W., Liu Y., Bai Z., Yin J., Liu J., Gong P., 
Zhao X., Zhang F., Interaction study on bovine serum albu-
min physically binding to silver nanoparticles: Evolution 
from discrete conjugates to protein coronas, Applied Sur-
face Science, 359 (2015) 82–88.



Suryani Saallah et al. / KONA Powder and Particle Journal

19

Ha H.-K., Wook J., Lee M.-R., Lee W.-J., Formation and charac-
terization of quercetin-loaded chitosan oligosaccharide/
β-lactoglobulin nanoparticle, Food Research International, 
52 (2013) 82–90.

Haggag Y.A., Faheem A.M., Evaluation of nano spray drying as 
a method for drying and formulation of therapeutic peptides 
and proteins, Frontiers in Pharmacology, 6 (2015) 1–5.

Hazeri N., Tavanai H., Moradi A.R., Production and properties 
of electrosprayed sericin nanopowder, Science and Tech-
nology of Advanced Materials, 13 (2012) 035010 (7pp). 
http://dx.doi.org/10.1088/1468-6996/13/3/035010

Höldrich M., Sievers-Engler A., Lämmerhofer M., Gold 
nanoparticle-conjugated pepsin for efficient solution-like 
heterogeneous biocatalysis in analytical sample preparation 
protocols, Analytical and Bioanalytical Chemistry, 408 
(2016) 5415–5427.

Honda T., Tanaka T., Yoshino T., Stoichiometrically controlled 
immobilization of multiple enzymes on magnetic nanopar-
ticles by the magnetosome display system for efficient cel-
lulose hydrolysis, Biomacromolecules, 16 (2015) 3863–
3868.

Hosseini S.F., Zandi M., Rezaei M., Farahmandghavi F., Two-
step method for encapsulation of oregano essential oil in 
chitosan nanoparticles: Preparation, characterization and in 
vitro release study, Carbohydrate Polymers, 95 (2013) 
50–56.

Hosseini S.M.H., Emam-Djomeh Z., Sabatino P., Van der Meeren 
P., Nanocomplexes arising from protein-polysaccharide 
electrostatic interaction as a promising carrier for nutraceu-
tical compounds, Food Hydrocolloids, 50 (2015) 16–26.

Hsiao A.P., Heller M.J., Electric-field-directed self-assembly of 
active enzyme-nanoparticle structures, Journal of Biomedi-
cine & Biotechnology, 2012 (2012) 178487 (9pp). http://dx.
doi.org/10.1155/2012/178487

Hu B., Ting Y., Yang X., Tang W., Zeng X., Huang Q., Nano-
chemoprevention by encapsulation of (–)-epigallocatechin-
3-gallate with bioactive peptides/chitosan nanoparticles for 
enhancement of its bioavailability, Chemical Communica-
tions, 48 (2012) 2421 (4pp). http://www.rsc.org/suppdata/cc/
c2/c2cc17295j/c2cc17295j.pdf.

Hu K., Huang X., Gao Y., Huang X., Xiao H., McClements 
D.J., Core-shell biopolymer nanoparticle delivery systems: 
Synthesis and characterization of curcumin fortified zein-
pectin nanoparticles, Food Chemistry, 182 (2015) 275–281.

Hu R., Wen W., Wang Q., Xiong H., Zhang X., Gu H., Wang S., 
Novel electrochemical aptamer biosensor based on an 
enzyme–gold nanoparticle dual label for the ultrasensitive 
detection of epithelial tumour marker MUC1, Biosensors 
and Bioelectronics, 53 (2014) 384–389.

Huang X., Huang X., Gong Y., Xiao H., McClements D.J., Hu 
K., Enhancement of curcumin water dispersibility and anti-
oxidant activity using core-shell protein-polysaccharide 
nanoparticles, Food Research International, 87 (2016) 1–9.

Huang Y., Ran X., Lin Y., Ren J., Qu X., Self-assembly of an 
organic–inorganic hybrid nanoflower as an efficient biomi-
metic catalyst for self-activated tandem reactions, Chemical 
Communications, 51 (2015) 4386–4389.

Huang Y.C., Kuo T.H., O-carboxymethyl chitosan/fucoidan 

nanoparticles increase cellular curcumin uptake, Food 
Hydrocolloids, 53 (2014) 261–269.

Hung B.-Y., Kuthati Y., Kankala R., Kankala S., Deng J.-P., 
Liu C.-L., Lee C.-H., Utilization of enzyme-immobilized 
mesoporous silica nanocontainers (IBN-4) in prodrug-
activated cancer theranostics, Nanomaterials, 5 (2015) 
2169–2191.

Jahanshahi M., Babaei Z., Protein nanoparticle : A unique sys-
tem as drug delivery vehicles, Journal of Biotechnology, 7 
(2008) 4926–4934.

Jain A., Cheng K., The principles and applications of avidin-
based nanoparticles in drug delivery and diagnosis, Journal 
of Controlled Release, 245 (2017) 27–40.

Jawahar N., Meyyanathan S., Polymeric nanoparticles for drug 
delivery and targeting: A comprehensive review, Interna-
tional Journal of Health & Allied Sciences, 1 (2012) 217–
223.

Jaworek A., Sobczyk A.T., Electrospraying route to nanotech-
nology: An overview, Journal of Electrostatics, 66 (2008) 
197–219.

Jazayeri M.H., Amani H., Pourfatollah A.A., Avan A., Ferns 
G.A., Pazoki-Toroudi H., Enhanced detection sensitivity 
of prostate-specific antigen via PSA-conjugated gold 
nanoparticles based on localized surface plasmon reso-
nance: GNP-coated anti-PSA/LSPR as a novel approach for 
the identification of prostate anomalies, Cancer Gene Ther-
apy, 23 (2016) 365–369.

Jiang Y., Lu H., Dag A., Hart-Smith G., Stenzel M.H., Albu-
min–polymer conjugate nanoparticles and their interactions 
with prostate cancer cells in 2D and 3D culture: comparison 
between PMMA and PCL, Journal of Materials Chemistry 
B, 4 (2016) 2017–2027.

Joye I.J., Davidov-Pardo G., Ludescher R.D., McClements D.J., 
Fluorescence quenching study of resveratrol binding to zein 
and gliadin: Towards a more rational approach to resvera-
trol encapsulation using water-insoluble proteins, Food 
Chemistry, 185 (2015) 261–267.

Katz E., Willner I., Integrated nanoparticle-biomolecule hybrid 
systems: Synthesis, properties, and applications, Ange-
wandte Chemie International Edition, 43 (2004) 6042–
6108.

Kim B.J., Cheong H., Hwang B.H., Cha H.J., Mussel-inspired 
protein nanoparticles containing iron(III)-DOPA complexes 
for ph-responsive drug delivery, Angewandte Chemie 
International Edition, 54 (2015) 7318–7322.

Kobayashi K., Wei J., Iida R., Ijiro K., Niikura K., Surface 
engineering of nanoparticles for therapeutic applications, 
Polymer Journal, 46 (2014) 460–468.

Koley P., Sakurai M., Aono M., Controlled fabrication of silk 
protein sericin mediated hierarchical hybrid flowers and 
their excellent adsorption capability of heavy metal ions of 
Pb(II), Cd(II) and Hg(II), ACS Applied Materials and 
Interfaces, 8 (2016) 2380–2392.

Kumar R., Lal S., Synthesis of organic nanoparticles and their 
applications in drug delivery and food nanotechnology: A 
Review, Journal of Nanomaterials & Molecular Nanotech-
nology, 03 (2014).

Lebre F., Borchard G., Faneca H., Pedroso de Lima M.C., 



Suryani Saallah et al. / KONA Powder and Particle Journal

20

Borges O., Intranasal administration of novel chitosan 
nanoparticle/DNA complexes induces antibody response to 
hepatitis B surface antigen in mice, Molecular Pharmaceu-
tics, 13 (2016) 472–482.

Lee S.H., Heng D., Ng W.K., Chan H.K., Tan R.B.H., Nano 
spray drying: A novel method for preparing protein 
nanoparticles for protein therapy, International Journal of 
Pharmaceutics, 403 (2011) 192–200.

Lee Y.-H., Wu B., Zhuang W.-Q., Chen D.-R., Tang Y.J., 
Nanoparticles facilitate gene delivery to microorganisms 
via an electrospray process, Journal of Microbiological 
methods, 84 (2011) 228–233.

Lenggoro I.W., Xia B., Okuyama K., de la Mora J.F., Sizing of 
colloidal nanoparticles by electrospray and differential 
mobility analyzer methods, Langmuir, 18 (2002) 4584–
4591.

Liao W., Yu Z., Lin Z., Lei Z., Ning Z., Regenstein J.M., Yang J., 
Ren J., Biofunctionalization of selenium nanoparticle with 
dictyophora indusiata polysaccharide and its antiprolifera-
tive activity through death-receptor and mitochondria-me-
diated apoptotic pathways, Scientific Reports, 5 (2016) 
18629 (13pp). http://doi.org/10.1038/srep18629

Lin T.-T., Gao D.-Y., Liu Y.-C., Sung Y.-C., Wan D., Liu J.-Y., 
Chiang T., Wang L., Chen Y., Development and characteri-
zation of sorafenib-loaded PLGA nanoparticles for the sys-
temic treatment of liver fibrosis, Journal of Controlled 
Release, 221 (2016) 62–70.

Liu X., Niazov-Elkan A., Wang F., Willner I., Switching pho-
tonic and electrochemical functions of a DNAzyme by 
DNA machines, Nano Letters, 13 (2013) 219–225.

López-Rubio A., Lagaron J.M., Whey protein capsules obtained 
through electrospraying for the encapsulation of bioactives, 
Innovative Food Science and Emerging Technologies, 13 
(2012) 200–206.

Lu K.Y., Li R., Hsu C.H., Lin C.W., Chou S.C., Tsai M.L., 
Mi F.L., Development of a new type of multifunctional 
fucoidan-based nanoparticles for anticancer drug delivery, 
Carbohydrate Polymers, 165 (2017) 410–420.

Mahapatro A., Singh D.K., Biodegradable nanoparticles are 
excellent vehicle for site directed in-vivo delivery of drugs 
and vaccines, Journal of Nanobiotechnology, 9 (2011) 55 
(11pp). https://doi.org/10.1186/1477-3155-9-55

Marelli B., Brenckle M.A., Kaplan D.L., Omenetto F.G., Silk 
fibroin as edible coating for perishable food preservation, 
Scientific Reports, 6 (2016) 25263 (11pp). http://doi.org/10. 
1038/srep25263

Marty J.J., Oppenheim R.C., Speiser P., Nanoparticles—a new 
colloidal drug delivery system, Pharmaceutica acta Helve-
tiae, 53 (1978) 17–23.

Mattu C., Li R., Ciardelli G., Chitosan nanoparticles as thera-
peutic protein nanocarriers : the effect of ph on particle for-
mation and encapsulation efficiency, Polymer Composites, 
(2013) 1538–1545.

Mehta P., Haj-Ahmad R., Rasekh M., Arshad M.S., Smith A., 
van der Merwe S.M., Li X., Chang M.-W., Ahmad Z., Phar-
maceutical and biomaterial engineering via electrohydro-
dynamic atomization technologies, Drug Discovery Today, 
00 (2016) 1–9.

Meissner J., Prause A., Bharti B., Findenegg G.H., Characteri-
zation of protein adsorption onto silica nanoparticles: influ-
ence of pH and ionic strength, Colloid and Polymer Sci-
ence, 293 (2015) 3381–3391.

Mejias S.H., Couleaud P., Casado S., Granados D., Garcia M.A., 
Abad J.M., Cortajarena A.L., Assembly of designed protein 
scaffolds into monolayers for nanoparticle patterning, Col-
loids and Surfaces B: Biointerfaces, 141 (2016) 93–101.

Menjoge A.R., Rinderknecht A.L., Navath R.S., Faridnia M., 
Kim C.J., Romero R., Miller R.K., Kannan R.M., Transfer 
of PAMAM dendrimers across human placenta: Prospects 
of its use as drug carrier during pregnancy, Journal of Con-
trolled Release, 150 (2011) 326–338.

Menon J.U., Ravikumar P., Pise A., Gyawali D., Hsia C.C.W., 
Nguyen K.T., Polymeric nanoparticles for pulmonary pro-
tein and DNA delivery, Acta Biomaterialia, 10 (2014) 
2643–2652.

Mercado-Lubo R., Zhang Y., Zhao L., Rossi K., Wu X., Zou Y., 
Castillo A., Leonard J., Bortell R., Greiner D.L., Shultz 
L.D., Han G., McCormick B.A., A Salmonella nanoparticle 
mimic overcomes multidrug resistance in tumours, Nature 
Communications, 7 (2016) 12225 (13pp). http://doi.org/10. 
1038/ncomms12225

Moreira C.D.F., Carvalho S.M., Mansur H.S., Pereira M.M., 
Thermogelling chitosan-collagen-bioactive glass nanopar-
ticle hybrids as potential injectable systems for tissue engi-
neering, Materials Science and Engineering C, 58 (2016) 
1207–1216.

Mortensen D.N., Williams E.R., Investigating protein folding 
and unfolding in electrospray nanodrops upon rapid mixing 
using theta-glass emitters, Analytical Chemistry, 87 (2015) 
1281–1287.

Naim M.N., Abu Bakar N.F., Iijima M., Kamiya H., Lenggoro 
I.W., Electrostatic deposition of aerosol particles generated 
from an aqueous nanopowder suspension on a chemically 
treated substrate, Japanese Journal of Applied Physics, 49 
(2010) 06GH17 (6pp). http://stacks.iop.org/1347-4065/49/
i=6S/a=06GH17

Nair R., Varghese S.H., Nair B.G., Maekawa T., Yoshida Y., 
Kumar D.S., Nanoparticulate material delivery to plants, 
Plant Science, 179 (2010) 154–163.

Niemeyer C.M., Biotechnology meets materials science, Ange-
wandte Chemie International Edition, 40 (2001) 4128–4158.

Nitta S.K., Numata K., Biopolymer-based nanoparticles for 
drug/gene delivery and tissue engineering, International 
Journal of Molecular Sciences, 14 (2013) 1629–1654.

Nuruzzaman M., Rahman M.M., Liu Y., Naidu R., Nanoencap-
sulation, nano-guard for pesticides: A new window for safe 
application, Journal of Agricultural and Food Chemistry, 
64 (2016) 1447–1483.

Özel R.E., Ispas C., Ganesana M., Leiter J.C., Andreescu S., 
Glutamate oxidase biosensor based on mixed ceria and tita-
nia nanoparticles for the detection of glutamate in hypoxic 
environments, Biosensors & Bioelectronics, 52 (2014) 397–
402.

Pal S.L., Jana U., Manna P.K., Mohanta G.P., Manavalan R., 
Nanoparticles–an overview of preparation and characteri-
zation, Journal of Applied Pharmaceutical Science, 1 (2011) 



Suryani Saallah et al. / KONA Powder and Particle Journal

21

228–234.
Panigaj M., Reiser J., Aptamer guided delivery of nucleic acid-

based nanoparticles, DNA and RNA Nanotechnology, 2 
(2016) 42–52.

Panta P., Kim D.Y., Kwon J.S., Son A.R., Lee K.W., Kim S., 
Protein drug-loaded polymeric nanoparticles, Journal of 
Biomedical Science and Engineering, 7 (2014) 825–832.

Peltonen L., Valo H., Kolakovic R., Laaksonen T., Hirvonen J., 
Electrospraying, spray drying and related techniques for 
production and formulation of drug nanoparticles, Expert 
Opinion on Drug Delivery, 7 (2010) 705–719.

Pereira R.C., de Deus Souza Carneiro J., Borges S.V., Assis 
O.B.G., Alvarenga G.L., Preparation and characterization 
of nanocomposites from whey protein concentrate activated 
with lycopene, Journal of Food Science, 81 (2016) E637–
E642.

Politi J., De Stefano L., Longobardi S., Giardina P., Rea I., 
Methivier C., Pradier C.M., Casale S., Spadavecchia J., The 
amphiphilic hydrophobin Vmh2 plays a key role in one step 
synthesis of hybrid protein-gold nanoparticles, Colloids and 
Surfaces B: Biointerfaces, 136 (2015) 214–221.

Puddu V., Perry C.C., Peptide adsorption on silica nanoparti-
cles: Evidence of hydrophobic interactions, ACS Nano, 6 
(2012) 6356–6363.

Rabbani P.S., Zhou A., Borab Z.M., Frezzo J.A., Srivastava N., 
More H.T., Rifkin W.J., David J.A., Berens S.J., Chen R., 
Hameedi S., Junejo M.H., Kim C., Sartor R.A., Liu C.F., 
Saadeh P.B., Montclare J.K., Ceradini D.J., Novel lipopro-
teoplex delivers Keap1 siRNA based gene therapy to accel-
erate diabetic wound healing, Biomaterials, 132 (2017) 
1–15.

Rampino A., Borgogna M., Blasi P., Bellich B., Cesàro A., Chi-
tosan nanoparticles: Preparation, size evolution and stabil-
ity, International Journal of Pharmaceutics, 455 (2013) 219–
228.

Rao J.P., Geckeler K.E., Progress in Polymer Science Polymer 
nanoparticles : Preparation techniques and size-control 
parameters, Progress in Polymer Science, 36 (2011) 887–
913.

Rassu G., Cossu M., Langasco R., Carta A., Cavalli R., 
Giunchedi P., Gavini E., Propolis as lipid bioactive 
nano-carrier for topical nasal drug delivery, Colloids and 
Surfaces B: Biointerfaces, 136 (2015) 908–917.

Rodríguez-Delgado M.M., Alemán-Nava G.S., Rodríguez-
Delgado J.M., Dieck-Assad G., Martínez-Chapa S.O., 
Barceló D., Parra R., Laccase-based biosensors for detec-
tion of phenolic compounds, TrAC Trends in Analytical 
Chemistry, 74 (2015) 21–45.

Saallah S., Naim N.N., Mokhtar M.N., Abu Bakar N.F., Gen M., 
Lenggoro W.W., Transformation of cyclodextrin glucano-
transferase (CGTase) from aqueous suspension to fine solid 
particles via electrospraying, Enzyme and Microbial Tech-
nology, 64–65 (2014) 52–59.

Sahdev P., Ochyl L.J., Moon J.J., Biomaterials for nanoparticle 
vaccine delivery systems, Pharmaceutical Research, 31 
(2014) 2563–2582.

Salata O.V., Applications of nanoparticles in biology and medi-
cine, Journal of Nanobiotechnology, 2 (2004) 3 (6pp). 

https://doi.org/10.1186/1477-3155-2-3
Sapsford K.E., Algar W.R., Berti L., Gemmill K.B., Casey B.J., 

Oh E., Stewart M.H., Medintz I.L., Functionalizing 
nanoparticles with biological molecules: Developing chem-
istries that facilitate nanotechnology, Chemical Reviews, 
113 (2013) 1904–2074.

Sathiyabama M., Parthasarathy R., Biological preparation of 
chitosan nanoparticles and its in vitro antifungal efficacy 
against some phytopathogenic fungi, Carbohydrate Poly-
mers, 151 (2016) 321–325.

Sellers S.P., Clark G.S., Sievers R.E., Carpenter J.F., Dry pow-
ders of stable protein formulations from aqueous solutions 
prepared using supercritical CO2-assisted aerosolization, 
Journal of Pharmaceutical Sciences, 90 (2001) 785–797.

Shahrestani H., Taheri-Kafrani A., Soozanipour A., Tavakoli O., 
Enzymatic clarification of fruit juices using xylanase 
immobilized on 1,3,5-triazine-functionalized silica-encap-
sulated magnetic nanoparticles, Biochemical Engineering 
Journal, 109 (2016) 51–58.

Sojitra U.V., Nadar S.S., Rathod V.K., A magnetic tri-enzyme 
nanobiocatalyst for fruit juice clarification, Food Chemis-
try, 213 (2016) 296–305.

Spampinato V., Parracino M.A., La Spina R., Rossi F., Ceccone 
G., Surface analysis of gold nanoparticles functionalized 
with thiol-modified glucose SAMs for biosensor applica-
tions, Frontiers in Chemistry, 4 (2016) 1–12.

Sperling R.A., Parak W.J., Surface modification, functionaliza-
tion and bioconjugation of colloidal inorganic nanoparti-
cles, Philosophical transactions Series A, Mathematical, 
physical, and engineering sciences, 368 (2010) 1333–1383.

Sundar S., Kundu J., Kundu S.C., Biopolymeric nanoparticles, 
Science and Technology of Advanced Materials, 11 (2010) 
014104 (13pp). http://dx.doi.org/10.1088/1468-6996/11/1/ 
014104

Surnar B., Sharma K., Jayakannan M., Core–shell polymer 
nanoparticles for prevention of GSH drug detoxification 
and cisplatin delivery to breast cancer cells, Nanoscale, 7 
(2015) 17964–17979.

Tabernero A., Martín Del Valle E.M., Galán M.A., Supercritical 
fluids for pharmaceutical particle engineering: Methods, 
basic fundamentals and modelling, Chemical Engineering 
& Processing: Process Intensification, 60 (2012) 9–25.

Tamjidi F., Shahedi M., Varshosaz J., Nasirpour A., Nanostruc-
tured lipid carriers (NLC): A potential delivery system for 
bioactive food molecules, Innovative Food Science and 
Emerging Technologies, 19 (2013) 29–43.

Tauran Y., Brioude A., Coleman A.W., Rhimi M., Kim B., 
Molecular recognition by gold, silver and copper nanoparti-
cles, World Journal of Biological Chemistry, 4 (2013) 35–63.

Uematsu I., Matsumoto H., Morota K., Minagawa M., Tanioka 
A., Yamagata Y., Inoue K., Surface morphology and biolog-
ical activity of protein thin films produced by electrospray 
deposition, Journal of Colloid and Interface Science, 269 
(2004) 336–340.

Usha Rani P., Madhusudhanamurthy J., Sreedhar B., Dynamic 
adsorption of α-pinene and linalool on silica nanoparticles 
for enhanced antifeedant activity against agricultural pests, 
Journal of Pest Science, 87 (2014) 191–200.



Suryani Saallah et al. / KONA Powder and Particle Journal

22

Valo H., Biopolymer-Based Nanoparticles for Drug Delivery, 
Helsinki University Printing House, Helsinki, 2012.

Viswanathan K., Preparation and characterization of fluorescent 
silica coated magnetic hybrid nanoparticles, Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 386 
(2011) 11–15.

Wang E.C., Wang A.Z., Nanoparticles and their applications in 
cell and molecular biology, Integrative Biology, 6 (2014) 
9–26.

Wei H., Nolkrantz K., Powell D.H., Woods J.H., Ko M.-C., 
Kennedy R.T., Electrospray sample deposition for 
matrix-assisted laser desorption/ionization (MALDI) and 
atmospheric pressure MALDI mass spectrometry with 
attomole detection limits, Rapid Communications in Mass 
Spectrometry: RCM, 18 (2004) 1193–1200.

Weiss J., Decker E.A., McClements D.J., Kristbergsson K., Hel-
gason T., Awad T., Solid lipid nanoparticles as delivery sys-
tems for bioactive food components, Food Biophysics, 3 
(2008) 146–154.

Willner I., Willner B., Katz E., Biomolecule–nanoparticle 
hybrid systems for bioelectronic applications, Bioelectro-
chemistry, 70 (2007) 2–11.

Xie W., Zang X., Covalent immobilization of lipase onto 
aminopropyl-functionalized hydroxyapatite-encapsulated-
γ-Fe2O3 nanoparticles: A magnetic biocatalyst for interester-
ification of soybean oil, Food Chemistry, 194 (2016) 1283–
1292.

Xing K., Shen X., Zhu X., Ju X., Miao X., Tian J., Feng Z., Peng 
X., Jiang J., Qin S., Synthesis and in vitro antifungal effi-
cacy of oleoyl-chitosan nanoparticles against plant patho-
genic fungi, International Journal of Biological Macromol-
ecules, 82 (2016) 830–836.

Yagati A.K., Kim S.U., Lee T., Min J., Choi J.W., Recombinant 
azurin-CdSe/ZnS hybrid structures for nanoscale resistive 

random access memory device, Biosensors & Bioelectron-
ics, 90 (2017) 23–30.

Yang G., Liu H., Hu X., Chen Z., Friis T.E., Wang J., Xiao Y., 
Zhang S., Bio-inspired hybrid nanoparticles promote vas-
cularized bone regeneration in a morphology-dependent 
manner, Nanoscale, 9 (2017) 5794–5805.

Yang Z., Zhang C., Zhang J., Bai W., Potentiometric glucose 
biosensor based on core-shell Fe3O4-enzyme-polypyrrole 
nanoparticles, Biosensors and Bioelectronics, 51 (2014) 
268–273.

Yi J., Lam T.I., Yokoyama W., Cheng L.W., Zhong F., Beta-
carotene encapsulated in food protein nanoparticles reduces 
peroxyl radical oxidation in Caco-2 cells, Food Hydrocol-
loids, 43 (2015) 31–40.

Yu M.K., Park J., Jon S., Targeting strategies for multifunctional 
nanoparticles in cancer imaging and therapy, Theranostics, 
2 (2012) 3–44.

Yurteri C.U., Hartman R.P.A., Marijnissen J.C.M., Producing 
pharmaceutical particles via electrospraying with an 
emphasis on nano and nano structured particles—A review, 
KONA Powder and Particle Journal, 28 (2010) 91–115.

Zamani M., Prabhakaran M.P., Thian E.S., Ramakrishna S., 
Protein encapsulated core-shell structured particles pre-
pared by coaxial electrospraying: Investigation on material 
and processing variables, International Journal of Pharma-
ceutics, 473 (2014) 134–143.

Zhang Y., Huang R., Zhu X., Wang L., Wu C., Synthesis, prop-
erties, and optical applications of noble metal nanoparticle-
biomolecule conjugates, Chinese Science Bulletin, 57 
(2012) 238–246.

Zhao Z., Li Y., Xie M.B., Silk fibroin-based nanoparticles for 
drug delivery, International Journal of Molecular Sciences, 
16 (2015) 4880–4903.



Suryani Saallah et al. / KONA Powder and Particle Journal

23

Author’s short biography

Suryani Saallah

Suryani Saallah is currently a PhD student at Graduate School of Bio-Application and 
Systems Engineering, Tokyo University of Agriculture and Technology (TUAT). She 
also served as a Lecturer at Biotechnology Research Institute, Universiti Malaysia Sabah 
(UMS) with a specialization in Bioprocess Engineering. She earned her B. Eng (Chemical-
Bioprocess) from Universiti Teknologi Malaysia (UTM) and Master Degree from Uni-
versiti Putra Malaysia. Her research is mainly focused on synthesis of nanomaterials 
including nanoparticles and nanofibers and its application in bioprocessing.

I. Wuled Lenggoro

Dr. Wuled Lenggoro is a faculty member at TUAT. He holds a doctoral degree and 
faculty position at Hiroshima Univ., followed by visiting positions in RIKEN (Institute 
of Physical and Chemical Research) and Yale Univ. In 2007, he established a research 
group under JST/TUAT “Tenure-track” program. At TUAT, he has supervised more than 
10 doctoral-, 20 master’s degree students, and more than 30 undergraduates. He was a 
Regional Editor of Journal of Nanoparticle Research (Springer). He was awarded “Asian 
Young Aerosol Scientist Award” (2007), “Chemical Engineering Science’s Most Cited 
Paper 2003–2006 Award” (Elsevier), “Iinoya Award” (2005), “Takahashi Award” (2013), 
and “Measurement Award” (2016) from Japan Association of Aerosol Science and Tech-
nology.

View publication statsView publication stats

https://www.researchgate.net/publication/320132877

