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ABSTRACT  Nanoparticles (NPs) are literally and figuratively infiltrating all fields of biological
research. They are sophisticated tools that can be customized, either by smart engineering or
by the attachment of specific ligands, to match the requirements of a particular task. Through
their inherent and functionalized properties they are the basis for new developments while
enhancing the efficiency of already existing techniques or rendering methods to be more spe-
cific. They provide new approaches for therapeutic applications and brand new platforms for
diagnostic processes. In this review we provide an insight into the practical applications of NPs,
emphasizing their use in biosensing, bioimaging, biomolecule delivery systems and enzyme im-
mobilization. Since the interest in the interactions of NPs and biological systems is fairly new,
we also elaborate on the drawbacks of their practical applications by reporting their potential
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toxicity in in vitro and in vivo systems.

Introduction

According to the semi-standardized definition nanopar-
ticles (NPs), either engineered or produced naturally, are
particulate matter with at least one dimension of 100 nm
or less. The defining characteristic of NPs is their size (Fig.
1), which is larger than individual atoms or molecules, but
smaller than for example the influenza A virus, which has a
diameter of 100-120 nm (Sharp et al. 1945). The properties
of materials at nanoscale are typically different from those
of bulk materials for two main reasons: one is the rela-
tively large surface area of NPs, and the other is that below
a certain size particles are subject to quantum phenomena.
The most obvious consequence of reducing the size of par-
ticles is the concomitant increase in surface area to volume
ratio, which leads to the very high reactivity of NPs, since the
greater proportion of atoms or molecules are displayed on the
surface rather than the interior of the material (Nel et al. 2006;
Oberdorster et al. 2005). Depending on the type of application
the increased chemical and biological reactivity may be posi-
tive and desirable (e.g., antioxidant activity, carrier capacity
for drug and gene delivery, penetration of cellular barriers),
but it can also enhance the negative and undesirable effects
(e.g., toxicity, induction of oxidative stress) (Oberdorster et
al. 2005).

The estimated global annual production of SiO, NPs is
5500 tons, and among others 3000 tons of TiO,NPs and 300
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tons of carbon nanotubes are produced as well (Bondarenko
et al. 2013). Most of these are not manufactured exclusively
for research purposes as engineered NPs are increasingly
being used in numerous consumer products, such as health
and fitness, home and garden, food and beverage, electronics,
computers, etc.

In recent years the use of NPs exponentially gained inter-
est in numerous research fields, and generated momentum
for the study of their interaction with biological systems.
Here we provide an insight into the successful applications
of NPs in bioimaging and biosensing, in clinical therapy and
diagnostics. NPs are also present in agriculture in terms of
research, as well as in terms of practical applications. We also
elaborate on the drawbacks of NP use, due to their potential
toxicity in in vitro and in vivo systems.

Engineering and production of NPs

NPs are formed in nature, produced via anthropogenic activi-
ties and engineered for particular purposes. In each of these
events the particles are formed either through the disintegra-
tion of bulk material, which is called a top-down formation,
or through the assembly of even smaller particles, which is
a bottom-up process. In the following sections we provide a
few examples of the formation of such particles.

Top-down formation of NPs

A straightforward example of a top-down production process
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Figure 1. Logarithmic scale from meters to the tenth of nanometers to show the size of several biological objects and nanoparticles.

from nature is volcanic activity (Tepe and Bau 2014). This
creates an array of metal (e.g., Fe, Ca, Hg, Al, Co), silicon
and carbon NPs. Human activities, such as wood and fuel
burning also introduce a significant amount of NPs into the
atmosphere (Hata et al. 2014). Mining, steel production and
steel modification constitute a large source of NPs as well
(Zimmer and Biswas 2001). NPs are not only produced at
industrial levels, they are constantly formed around us and
even laser printer cartridges emit NPs (Wang et al. 2011).

Top-down methods applied for the production of first
generation NPs are various forms of milling and metal at-
trition. In these processes particles are removed from bulk
material. A serious drawback of this method, besides having
little control over tuning and controlling the chemical com-
position, is that the size and shape of the resulting particles
show high variability.

Laser ablation is a top-down physical process, during
which a small quantity of material is removed from the sur-
face of any bulk material, forming an ablation plume, which is
then deposited on specific substrates (Batani et al. 2013). Size,
aggregation and yield efficiency of NPs may be controlled
by adjusting the frequency and intensity of the laser pulses.
This being a one-step method is considered a fast and cheap
technique that produces fairly high purity NPs.
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Nanosphere lithography is a mix of top-down and bottom-
up approaches, and an effective tool to achieve high mono-
dispersity (Colson et al. 2013). In a first step a flat surface is
covered with hydrophilic and monodisperse spherical colloids
(e.g., polystyrene). This process forms a colloidal crystal
mask on the respective surface, after which the desired mate-
rial (e.g., Au) is evaporated onto the crystal mask and will be
deposited in the interstices of the spheres. By removing the
mask in a last step, monodisperse nanodots are left behind
on the flat surface. Depending on the material and produc-
tion conditions an extra step might be necessary, in which the
nanodots are crystallized (Fig. 2).

Bottom-up formation of NPs

In order to have adequate control over the main parameters
of NPs bottom-up production techniques are favored, within
which there are two major directions. The first requires re-
agents and precision equipment (e.g., spray pyrolysis, inert
gas condensation, UV-irradiation, laser ablation, nanosphere
lithography, sol-gel fabrication, ultrasonic bath) while the
second branch relies on the ability of various organisms (e.g.,
bacteria, yeast, fungi, plants) to take up and form nano-sized
aggregates/crystals from certain molecules.



(3]

TOP VIEW

wom

Figure 2. Nanosphere lithography. (1) Polystyrene spheres are im-
mobilized on a flat surface, forming a mask. (2) Metal vapor fills
the interstices of the mask. (3) Mask is removed from the setup. (4)
Triangular nanoparticles are left behind.

Spray pyrolysis is a physical method to produce NPs. This
is an aerosol process in which a solution, with an optimized
concentration of solutes, is atomized following which the
resulting droplets are heated (up to 1200 °C) and precipitated
to produce solid particles (Fig. 3). This method is widely used
to prepare metal oxide NPs, such as ZnO and is regarded as
a low cost and high purity yielding technique (Ghaffarian et
al. 2011).

Inert gas condensation is also a well-established physi-
cal method to produce metallic (e.g., Fe, Mn) NPs (Silva et
al. 2014; Ward et al. 2006). A metallic source is evaporated
using various heating processes in a closed chamber filled
with a cooled and purified inert gas (e.g., He, Ar), at a low
pressure. After the metal vapor condenses in the cool gas
environment the particles will be collected on the cooled
structural surface.

UV radiation is another effective way to yield monodis-
perse NPs (Stipe et al. 2004). In this process high intensity
UV radiation is applied on combustion-generated soot par-
ticles and depending on the fluence and repetition rate of the
irradiation, the size and morphology of NPs can be modulated
(Fig. 4). Another approach is to form NPs by irradiating
solutes (e.g., AgNO,) stabilized in gelatine (Darroudi et al.
2011) or aqueous solutions (Dong et al. 2004) of a particular
material (e.g., HAuCl,), with UV light, which then reduces
the respective solutes into NPs.

Sol-gel fabrication starts with the formation of a solu-
tion with solid particles (e.g., Fe(NO,),). This sol phase then
undergoes a gelation process via polycondensation or poly-
esterification. The resulting gel is aged and dried to remove
the liquid phase and compact it. The dehydrated, dense gel is
then decomposed at high temperatures and nano-sized powder
is harvested from the process. It is applied in the production
of NPs like Fe, O, or silica (Moncada et al. 2007).
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Figure 3. Spray pyrolysis. (1) A starting solution of the desired material
is atomized while mixing it with a carrier gas. (2) The resulting droplets
are sent through a furnace to achieve controlled condensation. (3) The
condensed droplets are precipitated until solid particles are formed.
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Figure 4. UV radiation. (1) Soot particles are formed through exposing
bulk material to high temperatures. (2) The resulting particles are ir-
radiated with high energy UV light. (3) Reduction of the soot particles
occur and nanoparticles are formed.

Ultrasonic bath is a simple chemical method to produce
Au NPs. An aqueous solution of HAuCl, is placed in an 80 °C
water bath and is exposed to ultrasonication for a short time.
Sodium citrate is then added to the solution which reduces
the HAuCl, and forms aggregations of primary particles. A
second, longer round of ultrasonication breaks apart these
aggregates and forms highly monodisperse, spherical Au NPs
(Lee et al. 2012).

NP formation via biological processes

Organisms are also able to produce NPs. Formation of NPs,
their size, shape, quantity, monodispersity and other features
are generally influenced by substrate concentration, exposure
time to the respective substrate, environmental pH, tempera-
ture, and nutrient conditions. NP production by organisms
gained momentum in the recent decade, the main reason being
that it does not require hazardous reagents, it is cheap, fairly

227



Vass et al.

simple and in general ecofriendly.
Bacteria

Actinobacter strains have the ability to extracellularly produce
TiO, and ZnO NPs. For this to happen Actinobacter cultures
are inoculated with K TiF and zinc acetate, and incubated
under normal culturing conditions for 48 hours (Singh et al.
2010). Intracellular synthesis of silver NPs using Strepto-
myces and Streptoverticillium strains is achieved by expos-
ing these organisms to a certain (3.5 mM) concentration of
AgNO, (Udaya Prakash et al. 2014).

Yeast

The yeast species Candida glabrata is able to intracellularly
form CdS nanocrystals (Dameron et al. 1989). To achieve
this aqueous solution of CdCl, is added to its culture medium
before inoculation. The actual process of forming the NPs is
a sequestration mechanism in order to remove Cd ions from
the cells.

Fungi

If aqueous solution of AgNO, is added to the culture medium
of the fungus Verticillium, the mycelia will produce 25 + 12
nm sized Ag NPs intracellularly (Mukherjee et al. 2001).
Intracellular production, however, means that one needs to
harvest NPs from biomass, which is a complicated process.
In an effort to avoid this complication using the pathogenic
Fusarium oxysporum has opened up a fungal/enzyme-based
in vitro approach for extracellular NP synthesis. The typical
production process consists of adding the aqueous solution
of the desired substrate (e.g., AgNO,, HAuCl,, SiFﬁz', TiFGZ')
to the mycelia-containing culture, and incubate the mix for
an optimized length of time. During the process the fungus
secretes various enzymes that either reduce, hydrolyze or
alter the substrates in other ways. This setup has been used
to produce several kinds of NPs, like Au NPs (Thakker et al.
2013), SiO, and TiO, NPs (Bansal et al. 2005) just to name
a few.

Cyanobacteria

The filamentous cyanobacterium Plectonema boryanum
UTEX 485 when exposed to the aqueous solution of
Au(SzO3)23’ at certain (25-100 °C) temperatures produces
cubic Au NPs. However, changing the substrate to AuCl, and
lowering the exposure time, while raising the temperature
(200 °C) drives the cyanobacterium to produce octahedral Au
nanoplates (Lengke et al. 2006). In this particular study the
NPs were observed to be formed at the cell wall.
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Plants

Plants are also capable of producing a variety of NPs. The
precise mechanism and intermediate steps of NP production
in plants is not yet known but it is most likely a biominer-
alization process in which the substrate is transported from
the roots to different plant organs, and after reduction the
substrate molecules are deposited as NPs (Haverkamp and
Marshall 2009; Makarov et al. 2014). Brassica juncea,
Festuca rubra and Medicago sativa were all observed to
intracellularly produce Ag NPs after the roots were exposed
to an aqueous solution of AgNO, for 24 hours (Marchiol et
al. 2014). Another approach of NP synthesis is using plant
biomass. Incubating the biomass of Avena sativa with the
aqueous solution of Au(III) ions resulted in the intracellular
formation of Au NPs. This particular study concluded that oat
biomass has the ability to take up and reduce Au(IIl) ions to
Au(0) (Armendariz et al. 2004). Plant based extracellular NP
formation is also possible. It has been reported that the incu-
bation of Azadirachta indica leaf extracts with the aqueous
solutions of AgNO, and HAuCl, yields polydisperse Au, Ag
and Au-Ag bimetallic NPs (Shankar et al. 2004). Similarly,
various shaped Au NPs are formed when the flower extract
of Cassia auriculata, acting as a reducing agent, is incubated
with the aqueous solution of HAuClI, (Dhayananthaprabhu
et al. 2013).

The last step in producing NPs is functionalization. This
is the customization process in which NPs are bestowed with
properties, beyond the ones that come with a certain material
composition, to fit a specific or a set of specific functions. In
practical terms functionalization is the attachment of specific
linkers and ligands, application of specific coatings or the
loading of NPs with certain biomolecules (Fig. 5).

Application of NPs for biosensing

One of the major fields of NP application is biosensing. This
entails the detection of various molecules, cellular functions,
pathogens and analytes. A biosensor is comprised of at least
two elements: a biological recognition part, which actually
interacts with the substrate and a signal transductor part, the
role of which is to give off a measurable signal at the time
of interaction. The average size of NPs is not much different
from average sized biomolecules. This feature, together with
their material-derived, specific properties (e.g., magnetism,
semiconductivity, specific fluorescence) makes NPs a very
sensitive tool in detecting molecules. The large surface area
of NPs is an additional benefit through which they are able
to interact with substrates. This also allows the application
of various coatings and numerous ligands that may enhance
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the specificity of the particles and/or provide proper signal
transductors.

Colorimetry

A colorimetric test involves a stable system to which the addi-
tion of a specific substrate modifies its stability, which alters
the quality of the reflected light. In the case of a Pb biosen-
sor the stable system is formed by Au NP aggregates, which
are functionalized with oligonucleotides. The aggregate is
formed via a DNAzyme that is composed of a catalytic and a
substrate strand and binds to the functionalized Au NPs either
in a head to tail or tail to tail fashion. The substrate strand is
specifically cleaved in the presence of Pb* and upon disas-
sembly the system changes color, from blue to red (Liu and
Lu 2005). The classic example of a colorimetric assay builds
on the oligonucleotide-dependent aggregation of functional-
ized Au NPs (Fig. 6). In this setup Au NPs are functionalized
with single stranded DNA. Oligonucleotides with a specific
sequence will act as a linker between NPs, and in their pres-
ence aggregates will form. Upon the formation of aggregates a
red to purple color shift takes place (Elghanian et al. 1997).

Fluorescence based sensing

One of the inherent properties of metallic NPs is their energy
quenching ability, which proved to be an excellent tool in
NP-based biosensor engineering. Fluorescence sensing takes
full advantage of this in producing Au NPs which are func-
tionalized with fluorescently labeled oligonucleotides (Fig.
7). In its initial position, due the hairpin conformation of the

Interaction of nanoparticles
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Figure 6. Colorimetric sensing. (1) Nanoparticles functionalized with
single stranded DNA, complementary to the target DNA. (2) In the
presence of the target DNA strand, the functionalized NPs aggregate.
(3) A red to blue shift occurs.

Figure 7. Fluorescence sensing. (1) Gold nanoparticles are functional-
ized with hairpin DNA strands, to which a fluorescent dye is attached.
(2) The fluorescent dye is adsorbed to the gold nanoparticle, thus its
fluorescence is quenched. (3) Upon binding the target DNA, the hairpin
conformation is straightened out and due to the gained distance from
the nanoparticle, the dye emits fluorescence.

single stranded oligonucleotides, the fluorophores adhere
to the surface of the Au NP, and this results in fluorescence
quenching due to Forster resonance energy transfer (FRET)
towards the Au NP. In the presence of a complementary, target
DNA strand the hairpin oligonucleotide will hybridize with it,
the constrained conformation opens up and the fluorophore
is separated from the particle surface resulting in high fluo-
rescence yield providing proof for the presence of the target
DNA (Maxwell et al. 2002). The same principle of fluores-
cence quenching is used to detect proteins, cells and patho-
gens. For the latter assays Au NPs are functionalized with
ligands that bind various fluorophore agents, thus quenching
their fluorescence. Owing to the specific design of the ligands,
the target substrate, be it a protein or a cell surface moiety,
will compete with the fluorophores in binding to the NP. As
a consequence fluorescence quenching is removed leading to
a fluorescence signal. These tests are also commonly known
as chemical nose assays (Miranda et al. 2010).
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Figure 8. Electrochemical sensing. (1) Gold nanoparticles, with ligands
that bind antibodies, are immobilized to an electrode surface. (2) The
adenovirus specifically binds to the antibody. (3) The bound viruses cre-
ate electrical resistance, which hinders the electron transport through
the electrode.

Electrochemical detection systems

Due to the conductivity enhancing properties of metallic NPs
they are quite popular in electrochemical detection systems.
These assays usually involve NPs with detector molecules
(e.g., antibody, enzyme) and an electrode surface. The actual
detection measurements are carried out using voltammetry.
In an interesting and recyclable virus detection assay Au NPs
were attached to an Au electrode surface via thiol groups.
Following this step the NPs were functionalized with a type
of ligand that readily binds a specific antibody, which is able
to detect a particular adenovirus (Fig. 8). Due to a desorp-
tion technique the aforementioned layers can be removed
from and reassembled onto the electrode surface (Lin et al.
2015). Another assay is able to sensitively detect the human
pathogen Staphylococcus aureus by creating a magnetic
bead-pathogen-Ag NP sandwich. Ag* ions will dissolve in
the buffer of the setup in a directly proportional manner to the
pathogen’s concentration. The ions are then transferred to an
electrode surface and measured via differential pulse anodic
stripping voltammetry (Abbaspour et al. 2015).

DNA and protein detection

An interesting biosensor aimed at specifically detecting DNA
or proteins is the bio-barcode method. This technique requires
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that complementary DNA strands or antibodies (for target
DNA or target protein, respectively) are immobilized to a
surface or to a NP (e.g., magnetic NP, for easy manipulation).
During the next step, in the presence of target DNA or protein,
the immobilized DNA strands or antibodies are hybridized
with NPs (usually Au NPs), that are functionalized with
bio-barcode DNA. After the immobilized DNA strands or
antibodies fished out the corresponding bio-barcoded NPs, the
latter are dehybridized from the former and their bio-barcode
DNA strands are eluted through washing and heating steps.
At this point the signal of the target DNA or protein is highly
amplified in the form of the released bio-barcode DNA. In
a last step the bio-barcode DNA is detected in a chip-based
microarray, where they are hybridized to immobilized oligo-
nucleotides and NPs that allow for the visualization of the
hybridization event (Fig. 9).

Using this technique the HIV-1 p24 antigen is readily
detectable at an order of magnitude lower level than in the
case of ELISA, and even more importantly the antigen is
detectable at an earlier phase of infection (Tang 2010).

SERS-based sensing

Surface-enhanced Raman scattering (SERS) is another
technique that takes advantage of certain features of NPs.
Raman spectroscopy gives spectral information of molecular
vibrations in mid-infrared and near-infrared (NIR) spectra.
However, the infrared radiation or the Raman signals can be
significantly enhanced by scattering. For this purpose the rela-
tively large surface of NPs can be engineered rough enough
to achieve proper scattering (Kim and Shin 2011). Generally
this biosensing method entails metallic NPs (e.g., Au, Ag, Cu)
being in contact with the target molecule or entity. A good
example for the sensitivity and applicability of this biosen-
sor is the detection of foodborne pathogens. One particular
method uses Ag NP-encapsulated biopolymers as substrate
for the bacteria and through this Salmonella Typhimurium,
Escherichia coli, S. aureus and Listeria innocua could be
detected with a high selectivity (97-99%) (Sundaram et al.
2013). Another approach is to have the target pathogen in-
ternalize the scatter-enhancing Ag NPs. This additional step
enhanced the detection sensitivity of SERS and waterborne
bacteria (Staphylococcus epidermidis, Listeria monocyto-
genes, Enterococcus faecelis) could be differentiated down
to single cells (Fan et al. 2011).

Utilization of NPs as delivery systems

Due to their small size and our ability to functionalize them
with various ligands, NPs are effective tools to transport an
array of molecules to specific sites. This approach can be
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Figure 9. Bio-barcode method. (1) Complementary DNA strands are immobilized to magnetic (M) NPs. (2) Through the target DNA acting as a
linker, M NPs are hybridized to bio-barcoded gold (Au) NPs. (3) By applying a magnetic field the hybridized setup is collected. (4) Barcode DNA
is eluted and used for visual chip-based detection of the target DNA signal.

used in research (for delivery of DNA, RNA, proteins and
other molecules in vitro and in vivo) as well as in clinical ap-
plications (for in vivo delivery of drug molecules to certain
tissues and even to specific cells). Once the NPs enter the in
vitro or in vivo system the release of their payload might be
targeted and triggered in a passive or an active manner, or via
a combination of the two.

Passive targeting

This approach relies mainly on the properties of the targeted
tissues and cells. Additionally the surface charge and the
optional coating of the NP might play a role. The principle
of the process is best explained through the Enhanced Perme-
ability and Retention (EPR) effect of tumor tissues. Two of the
important aspects in which tumor tissues differ from normal
tissues are that their vasculatory system is more permeable
and their lymphatic drainage is poor. Consequently NPs of
various sizes can leave tumor capillaries and readily accumu-
late in the interstitial space (Torchilin 2011). As a result tumor
tissues retain more NPs than normal tissues. The EPR effect
is even more effective if the NPs stay in circulation as long
as possible, for example due to polymer coatings (Torchilin
2006). The most widely used of these coatings is polyethyl-
ene glycol (PEG), a hydrophilic polymer, which successfully
retards opsonization and thus delays internalization of NPs
by macrophages.

Active targeting

This approach relies on certain functionalized and engi-
neered features of NPs. One main branch of this category is
receptor-mediated targeting, in which NPs are functional-
ized with ligands for specific recognition of receptors and
antigens (Torchilin 2006). The other main branch is stimuli-
sensitive targeting, in which NPs are engineered so that they
may be triggered by local environmental changes, like pH,
temperature, enzyme activity, ultrasound, magnetism, etc.
(Arias 2011).

Antibody-based targeting

Within the receptor-mediated, active targeting category the
most straightforward solution is the use of monoclonal an-
tibodies against specific tumor antigens. A variety of mono-
clonal antibodies may be attached directly to liposomes, or
to the PEG coating of liposomes (Imai and Takaoka 2006).
A great example for what these liposome NPs are capable of
is the following: PEG-coated liposomes were functionalized
with an antibody against a transferrin receptor, so that the NP
can cross rat blood brain barrier, and with another antibody
against the insulin receptor to target specific cells within
the brain. These particular NPs were loaded with a plasmid
that encodes a short hairpin RNA sequence, which is able to
silence a certain oncogenic gene (Zhang 2003). In connec-
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tion to the latter study, it has been reported that transferrin
receptors are highly expressed in lung cancer, breast cancer
and lymphoma tissues (Dowlati et al. 1997). Thus transferrin,
which is a B-glycoprotein that facilitates the transport of Fe**
ions across the cell membrane, may be used to target specific
tumor cells and it is particularly useful in overcoming the
blood brain barrier.

Vitamin-based targeting

The most promising among the variety of vitamins with which
NPs may be functionalized, is folate. It has been shown that
folate receptors are absent in most normal tissues but even
more importantly they are overexpressed in a variety of tumor
tissues (Sudimack and Lee 2000).

Lectins are carbohydrate binding proteins that are also
used as ligands for cancer-targeting NPs. There are two main
advantages of using lectins: on the one hand they are slightly
toxic and are able to induce apoptosis of malignant cells while
activating the immune system (Udey et al. 1980), and on the
other hand different types of lectins specifically bind to cer-
tain tumor tissues that express certain carbohydrate groups
(Lavanya et al. 2014).

Peptide-based targeting is highly successful in targeting
the vasculature of tumor tissues. Most applications rely on
the RGD sequence (arginine-glycine-aspartic acid), present
in a number of proteins, among which integrins are the most
important as they are receptors for cell adhesion molecules.
This carries the potential that RGD-functionalized NPs adhere
to tumor cells with higher affinity, since these overexpress
integrins (Pasqualini et al. 1997). One in vitro study revealed
that the uptake of liposomes functionalized with peptides con-
taining the RGD sequence was more efficient than the uptake
of non-functionalized liposomes (Dubey et al. 2004). Peptide
ligands are considered fairly advantageous, mainly because
they are relatively short, hence they possess high stability and
they are easily and rapidly synthesized.

Aptamer-based targeting

Aptamers are oligonucleotides (either DNA or RNA) which
by forming three dimensional structures are able to bind and
interact with antigens (Cech 2004). Aptamers are an effective
tool even without a NP loaded with drugs, and they are able
to target various molecules (e.g., growth factors, hormones,
antibodies), and even organisms (Pestourie et al. 2005). How-
ever, due to the wide selection of binding targets aptamers
have the potential to be particularly useful as NP conjugates,
and thus for drug delivery. In one example polymer NPs
were functionalized with an aptamer that targeted a prostate
specific membrane antigen, which is upregulated in prostate
cancer. The study used rhodamine-labeled dextran as a drug
payload, which was successfully delivered to the target tissue
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(Farokhzad et al. 2004).

pH-responsive targeting is based on the phenomenon that
liposomes and polymeric NPs that are stable at physiological
pH values tend to dissociate or degrade at different pH levels,
upon which their drug payload gets released. The principle
behind this process is that most of these NPs are engineered
with phosphatidylethanolamine (PE) in their membranes,
which changes from a lamellar to an inverted micelles form
at low pH, and as a result fusion of liposomal and endosomal
membranes is made possible (Karanth and Murthy 2007).
Since due to their different metabolic characteristics tumor
interstitial tissues have lower pH levels than the surrounding
tissues (Tannock and Rotin 1989), this slightly more acidic
environment may provide a specific triggering signal for the
right type of NPs. It is not only cancer therapy that makes
good use of this method. In basic research, when for example
antisense oligonucleotides need to be delivered and triggered
in a specific manner, pH-responsive liposomes are also a
smart choice (Fattal et al. 2004). Another approach to this
technique is to have the proper NPs target and fuse to intra-
cellular compartments with low pH, for example lysosomes
(Simoes et al. 2004).

Relatively high temperatures can also be used for trigger-
ing a payload release in cancer therapy, but local hyperthermia
has other therapeutic effects as well. One important effect is
of course the drug release, which is achieved by using thermo
sensitive NPs, loaded with drugs, that are made of polymers
or hydrogels, with specific thermo sensitive ingredients in
their structure. Poly(N-isopropylacrylamide) (PNIPAAm) is
the most popular of these ingredients, that, in response to a
certain temperature change, undergoes a sharp phase transi-
tion in water with which its hydrophilicity temporarily turns
into hydrophobicity (Gil and Hudson 2004).

Besides the drug release, it has also been shown that lo-
cal hyperthermia in itself is toxic to tumor tissue (Jones et
al. 2006), plus, increased temperatures further enhance its
already high extravasation tendency, thus facilitating further
NP delivery to tumor tissues (Kong et al. 2000). Addition-
ally, local hyperthermia is quite useful to chemosensitize
cancer cells (Urano et al. 1999), an effect for which Au NPs,
superparamagnetic iron oxide NPs (SPIONs) and even carbon
nanotubes (CNTs) are used (Chatterjee et al. 2011). Apply-
ing an alternating magnetic field to well localized SPIONs
or electromagnetic radiation of certain wavelengths to Au
NPs or CNTs will result in selective heating of target tissues
(Urano et al. 1999).

To transfer energy to Au NPs and CNTs generally NIR
light is used, mostly for its good penetration properties, but
also because it can generate considerable heat by itself. The
latter property of NIR radiation makes it an optimal candi-
date to be used as a drug delivery trigger, as an agent in the
production of local hyperthermia and even bioimaging, thus
potentially combining several kinds of therapies and diagnos-
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Figure 10. Magnetic NPs as delivery systems. (1) Magnetic (M) nanopar-
ticles (NPs) are introduced into the vasculatory system. (2) Through the
application of a magnetic field M NPs may be externally modulated
(guided, aggregated, heated, etc.)

tic processes, giving rise to the term theranostics.

Magnetic NPs, by producing a strong enough magnetic
field, are easily guided and concentrated to certain locations
within an organism (Fig. 10). Additionally, the technique has
the potential to keep the respective NPs in place for a certain
period of time during which another stimuli-based trigger
may be applied, or the particles may heat the surrounding
tissue via transferring energy from a magnetic field, thus
facilitating cancer therapy. Since metallic NPs are inferior
to polymer and liposome NPs in terms of payload capacity,
the optimal design to make good use of magnetic properties
is either a particle with a magnetic core and polymer coating
(Arias et al. 2008) or a polymeric carrier with magnetic NPs
in its structure (Ciofani et al. 2009).

Ultrasound provides another non-invasive method for
targeting and triggering NPs. The effect of this method is mul-
tifaceted, but it is mainly based on the principle of enhancing
permeability: it increases vasculature and cell permeability
(Lammertink et al. 2014); it also generates heat which further
enhances the permeability of surrounding biomembranes and
presents a stimuli to thermal-sensitive NPs (Ta et al. 2014).
These effects, of course, facilitate the extravasation and cell-
uptake of NPs. Ultrasounds, depending on their intensity, can
penetrate tissues while focused to certain locations and are
able to disrupt the structure of polymer NPs and therefore
enhance their payload release (Phenix et al. 2014).

Enzymes are among the various biomolecules, which are
overexpressed in tumor tissues, and may potentially be used
as triggers for specific drug delivery. The lipid hydrolyzing
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phospholipase A2 (PA2) family of enzymes is overexpressed
and released into the interstitial space of several types of
cancers (e.g., breast, stomach, pancreas) (Abe et al. 1997).
Hence by engineering suitable liposomes, the drug carried
by these NPs will be efficiently released upon contact with
elevated PA2 levels (Jensen et al. 2004).

Use of NPs in imaging

NPs have the potential to revolutionize research techniques
and clinical therapy, however, their potential side effects
should also be considered. Using NPs for in vitro imaging
experiments does not present any problems, but using them
in vivo and/or in theranostic applications, unveils some major
concerns. For example in traditional clinical applications
imaging dyes or particles are not supposed to have physi-
ological effects and it is an advantage if they are excreted
in a short time, in a controlled manner. In contrast to this
expectation some NPs might accumulate in an uncontrolled
fashion in certain tissues, thus increasing their chances for
unwanted interactions. Additionally, it is still not precisely
clear, and hence is a major concern, how and in what time
frame organisms can eliminate NPs of certain sizes and
materials. Naturally a swift biodegradation and elimination
is preferred to a prolonged retention, in all cases. In spite of
these concerns using NPs in various imaging techniques offer
significant advantages.

Optical imaging

Using optical methods for imaging is a non-invasive and
cost-effective approach. It has of course its limitations, among
which, when working with in vivo systems, its relatively small
penetration depth is emphasized. A popular solution to this
problem is the use of NIR spectrum as excitation light in opti-
cal fluorescence imaging, since this radiation is able to pen-
etrate deeper into a given sample tissue. Several fluorophores
have been developed to be used with NIR light, however, the
use of NPs for this purpose has some major advantages. The
most popular NPs used in optical imaging are quantum dots
(QDs). These are NPs made from semiconductor materials
with diameters small enough to exhibit quantum mechanical
properties. Small enough means similar or smaller than the
size of the semiconductor’s exciton Bohr radius, which is the
average distance between the electron in the conduction band
and the hole it leaves behind in the valance band. In such a
small particle excitons are confined in all three spatial dimen-
sions, the structure of energy levels is dependent on the size
of QD. The conduction and valence band are quantized and
the band gap energy increases by decreasing the size of QD.
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As a result of it more energy is needed to excite a dot, and
apparently more energy is emitted when the electron returns
to its ground state, resulting in shift in the color of the emitted
light from red to blue by decreasing the dot size. Due to this
quantum phenomenon the color of fluorescence emitted by
the dots can be tuned only by changing the size of QDs.

For imaging applications either plain QDs (e.g., CdSe,
CdTe, GaAs) or QDs with certain dyes attached to them (Zhu
Yian et al. 2013) may be used. In contrast to fluorophores QDs
are generally more stable photochemically (are exempt from
photobleaching) and metabolically (Loginova et al. 2012),
are brighter and have a narrower, tunable, symmetrical emis-
sion spectrum (Bruchez et al. 1998). Metabolic stability is of
course a double edged sword because a lingering amount of
QDs in an in vivo system might have toxic effects. However,
this aspect might be modulated through particle size and vari-
ous coatings (Choi et al. 2007). Certain coatings are also nec-
essary to counteract the hydrophobicity of QDs and facilitate
their application in aqueous systems (Michalet 2005).

QDs owe their valuable optical properties to quantum
confinement effects, meaning that merely depending on their
size their properties can vary. One important consequence of
this feature is that in response to the same excitation light,
QDs of the same material but with different sizes respond
with significantly different emission spectra (Bentolila et al.
2005). Since generally QD sizes range from 2-10 nm, they can
be used to image subcellular compartments as small as actin
fibers (Bruchez et al. 1998) and even cell signaling pathways
(Lidke et al. 2004).

Another way to bypass the depth penetration limitations of
optical imaging through the use of QDs is the functionalized,
self-illuminating QD. One elegant example for this method
involves QDs (core/shell structured CdSe/ CdS) that are
functionalized with peptide linker sequences, which on the
other hand bind Au NPs, that are quenching the strong lumi-
nescence of the QDs. Upon encountering the right enzyme,
the peptide linkers are degraded, the Au NPs are released and
the QDs give off measurable luminescence (Fig. 11). The
elegance of the technique derives from the fact that it can be
customized by adjusting the peptide linker sequence to match
the functions of particular enzymes (Chang et al. 2005).

Magnetic resonance imaging

Certain NPs, due to their dense materials (e.g., QDs: Ga, Cd,
Pb) are ideal contrast agents for magnetic resonance imaging
(MRI). MRI is a noninvasive method with an efficient depth
penetration and high spatial resolution (10-100 pm) that mea-
sures the relaxation of hydrogen protons in different microen-
vironments. In biomedical applications the role of contrast
agents is to provide efficient distinction between tissues and
fluids. Typical NPs for this task are gadolinium (Gd)-loaded
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Figure 11. Quantum dots (QDs) in optical imaging. (1) QDs (core/
shell structured CdSe/ CdS) are functionalized with peptide linker
sequences, that bind gold nanoparticles (Au NPs). QD fluorescence is
quenched by Au NPs. (2) In the presence of a specific enzyme the link-
ers are disrupted. As Au NPs move away from the QDs, fluorescence
commences.

polymers (Xu et al. 2007), SPIONs and manganese-based NPs
(Felton et al. 2014). Functionalizing the NPs makes it possible
to specifically target particular tissues and cells. For example
SPIONSs functionalized with single chain Fv antibody frag-
ments were successfully utilized to target cancer cells that
overexpressed a carcinoembryonic antigen (Vigor et al. 2010).
The serious drawback of these excellent contrast agents are
however, that both, Gd-based and magnetic NPs show signs
of toxicity (Chang et al. 2013).

A unique feature of NPs is that via clever engineering and
multivalent attachments a single kind of NP might be applied
in several different techniques. For example optical imaging
and MRI might be combined via specific NPs (Zhou et al.
2010). Taking it a step further and adding a drug delivery
event to the imaging processes, a promising theranostic tool
has been reported recently. A cell nucleus targeting mesopo-
rous silica NP has been developed that is able to transport
the radiosensitizing drug Mitomycin C directly to the cancer
cell’s DNA. In this researchers combined the previously
mentioned dual-modality imaging properties with nuclear-
targeting drug delivery NPs (Fan et al. 2015).

Computer tomography

CT is the 3D application of conventional X-ray analysis. The
method gathers signals via detecting the X-ray attenuation of
various tissues. Contrast agents enhance this effect thus giving
clearer signals. The classic contrast agents for CT scans are
iodine based products, which are known for their toxicity on
the kidneys (Perrin et al. 2012). To reduce their toxicity and
enhance their circulation time liposome NPs are applied as
carriers (Elrod et al. 2009).



Utilization of NPs to increase enzyme
stability

Immobilizing enzymes to NPs produces efficient biosensors
but that is not the only practical advantage that the process
offers. Developments in production and application of NPs
led to the realization that enzymes immobilized to NPs are
active over a wider range of pH than their counterparts in
solution, with an increased thermal stability. Besides these
beneficial points industrial enzymatic applications gain
advantages through the relatively low cost of the setup, the
ease of handling it, the high surface to volume ratio of NPs
that hosts more molecules than a 2D surface, and the efficient
recuperation of the enzymes from the reaction mixture. In the
immobilization process enzymes should not suffer denatur-
ation and are required to retain their biocatalytic activity over
a certain period of time. Matching these requirements various
types of NPs have already successfully found application.

Immobilization with gold NPs

With excellent biocompatibility Au NPs are an obvious choice
for immobilization. On the one hand they may be functional-
ized with thiol or carboxylic groups that can bind peptides
and proteins (Lin et al. 2015), on the other hand they readily
interact with the cystein groups of proteins (Jeynes et al.
2013), although direct protein-NP interaction may alter the
proteins’ functional structure (Lundqvist et al. 2008). Further-
more, the conjugation of proteins on colloidal gold NPs might
also result from electrostatic interactions between negatively
charged citrate on surfaces of Au NPs and positively charged
groups of the proteins (Zharov et al. 2006). In one study
glucose oxidase has been successfully conjugated to Au NPs,
which significantly enhanced the enzyme’s thermal stability
(Li et al. 2007). The same enzyme immobilized to thiolated
Au NPs produced a response time of 30 seconds and a shelf
life of more than 6 months (Pandey et al. 2007).

Immobilization with magnetic NPs

Among major advantages magnetic NPs offer in enzyme im-
mobilization the most significant is the option to externally
modulate the NPs’ properties and location. In practice, in most
cases, this is the easy separation and recovery of enzymatic
complexes from the reaction mixtures (Ren et al. 2011). The
process typically uses magnetic NP-silica composites because
of the more favorable biocompatibility, although for example
the direct binding of cholesterol oxidase to iron oxide NPs
brought significant benefits to the enzyme activity: enhanced
tolerance to pH, temperature and substrate concentration
(Kouassi et al. 2005). In another example conjugation of
carboxypeptidase from Sulfolobus solfataricus to iron oxide
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NPs, via Ni**/His-tag, resulted in the enhanced stability of the
enzyme at room temperature and in organic solvents at high
temperature (Sommaruga et al. 2014). Similarly, lipase from
Candida rugosa has been immobilized onto polydopamine
coated magnetic iron oxide NPs and as a consequence its pH
and thermal stability was significantly increased (Ren et al.
2011).

Immobilization with silica NPs

Besides using it as coating material for magnetic NPs, silica
represents an individual group of NPs used for immobiliz-
ing enzymes. The simplest way of immobilizing an enzyme
to a NP is via adsorption. In a study o-chymotrypsin and
lipase were immobilized with this method to mesoporous
silica NPs, after which the enzymes formed crosslinked ag-
gregates. This setup ensured that the immobilized enzymes
had significantly elevated stability, compared to the free form
(Kim et al. 2007). An exceptionally interesting scenario is
in which a team managed to not only immobilize glutamate
dehydrogenase and lactate dehydrogenase to silica NPs but
also succeeded in immobilizing their cofactor NAD(H), thus
giving way for multi-step enzyme activities and also in situ
cofactor regeneration (Liu et al. 2009).

Nanotoxicity

Special physicochemical properties of NPs differ substantially
from the bulk materials of the same composition. These quali-
ties, and not yet fully understood interactions of NPs with
biological systems and with the environment, may lead to
potentially toxic processes. The biological impacts and kinetic
properties of NPs are dependent on size, chemical composi-
tion, surface structure, solubility, shape, aggregation, and
also on the physical and chemical parameters of the environ-
ment, like temperature, pH, irradiation, absence and presence
of oxygen, electric or magnetic field etc. (Bennet and Kim
2014; Nel et al. 2006). The interaction of these features may
modify various processes (e.g., cellular uptake, protein and
DNA binding, translocation from entry to target site, eventual
production of reactive oxygen species (ROS)) and carries the
possibility of tissue injury (Nel et al. 2006; Choi and Wang
2011; von Moos and Slaveykova 2014). Potential entry routes
of NPs into the human organism include the gastrointestinal
tract, skin, lung, eye, nostrils, lips, mucus membrane, intrave-
nous administrations for diagnostic and therapeutic purposes
(Nel et al. 2006; Yah et al. 2012).

Due to increasing production of engineered NPs concerns
about the environmental risks are growing, however, currently
little is known about the exact NP concentration in the envi-
ronment. Using probabilistic material-flow modeling, based
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on the newest production volume data, the concentration
of NPs in the air, soil, surface water, sediment etc. can be
calculated (Garner and Keller 2014; Gottschalk et al. 2009;
Sun et al. 2014). It was shown that production volume and
inertness of compounds are the crucial factors determining
final concentrations (Sun et al. 2014). Results of the modeling
showed that risks to aquatic organisms may emanate from Ag
NP, TiO,NPs and ZnO NPs in sewage treatment effluents and
from Ag NP in surface waters (Gottschalk et al. 2009).

Toxicity of SiO, NPs

Although the use of engineered silica NPs is steadily increas-
ing and the production volume of silica NPs is the highest,
information on their potential health risk is scarce, most likely
because they are generally perceived as non-toxic. However,
there are studies showing that even silica NPs can have
adverse effects on biological systems. It was demonstrated
that silica NPs inhibit the total oxygen uptake in activated
sludge during wastewater treatment, which shows that aerobic
respiration, essential to the biological oxidation of organic
matter, is damaged by silica NPs (Sibag et al. 2015). In the
same study it was shown that smaller (12 and 151 nm) silica
NPs showed a higher inhibitory effect than larger (442 and
683 nm) ones, and also that silica NPs significantly altered
the composition of microbial membrane lipids (Sibag et al.
2015). In vivo genotoxic effects were studied of four different
nano-size forms of silica NPs in Drosophila melanogaster,
and significant dose-dependent increases were found in the
levels of primary DNA damages, but no genotoxic effects
were obtained with microparticulated silicon dioxide (Demir
et al. 2015). Silica NPs (average size of 62 nm) induced au-
tophagy and autophagic cell death in human hepatocellular
carcinoma (HepG2) cells triggered by ROS, suggesting that
exposure to silica NPs could be a potentially hazardous factor
for maintaining cellular homeostasis (Yu et al. 2014). Silica
NPs with 10-20 nm diameter size also decreased the growth
and chlorophyll content of Scenedesmus obliquus when they
were added to the cell culture at 200 mg/1 concentration (Wei
et al. 2010).

Toxicity of Ag NPs

The toxicity of Ag NPs on various organisms was reviewed
in several publications dealing mainly with the antimicrobial
effect of Ag NPs, but also with the potential hazard on human
health and the environment. (Lara et al. 2011; Maillard and
Hartemann 2012; Marambio-Jones and Hoek 2010; Mijnen-
donckx et al. 2013; Rai et al. 2009; Reidy et al. 2013). It was
found that the pathways involved in bacterial responses (E.
coli) to Ag NPs are highly dependent on physicochemical
properties of the NPs, particularly surface characteristics and
toxicity mechanisms of Ag NPs are different from ionic silver
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(Ivask et al. 2014). Quantitative proteomics studies on human
colon cancer cell lines indicated that some cellular responses
triggered by Ag NPs are driven by the size of NPs (Verano-
Braga et al. 2014). The 100 nm NPs exerted indirect effects
via serine/threonine kinase (PAK), mitogen-activated protein
kinase (MAPK), and phosphatase 2A pathways, while the 20
nm NPs induced indirect effects on cellular stress, including
generation of ROS, protein carbonylation and up-regulation
of proteins involved in SUMOylation (Verano-Braga et al.
2014). The toxicity of Ag NPs may further increase due to
slow dissolution of silver ions from the surface of NPs. The
rate and degree of dissolution depends on the functionaliza-
tion and also on the temperature, but in some cases NPs
can release up to 90% of their weight in form of silver ions
(Kittler et al. 2010). In addition to dissolution, aggregation
and ROS generation can also occur to Ag NPs in an aqueous
environment. These processes are dependent on NP surface
coatings and on irradiation conditions (Li et al. 2013). It was
found that UV-A (365 nm) irradiation (compared to UV-C 254
nm and xenon lamp) resulted in the highest released silver
ion concentration and generated superoxide and hydroxyl
radicals in bare Ag NPs (Li et al. 2013). As it is known from
radiometer measurements 10% irradiance depth for the UV-A
radiation varies between few meters to few tens of meters in
various marine environments (Tedetti and Sempere 20006),
so solar UV radiation can have a significant impact on the
toxicity effect of Ag NPs in natural waters. The inhibitory
effect of Ag NPs on growth and on photosynthetic activity
was studied in the cells of various algae, diatoms and cy-
anobacteria (Burchardt et al. 2012; Dewez and Oukarroum
2012; Matorin et al. 2014; Navarro et al. 2008; Oukarroum et
al. 2012) furthermore the toxicity of silver was investigated
by complex transcriptomic and proteomic analysis in the
green alga Chlamydomonas reinhardtii (Pillai et al. 2014).
The toxic effect of Ag NP on photosynthetic activity of the
cyanobacterium Synechocystis PCC 6803 can be observed
by the detection of effective quantum yield of photosystem II
(Fig. 12). Chlorophyll fluorescence measurements achieved
by application of saturating light pulses on top of a continu-
ous illumination with various light intensities clearly showed
that shortly after the addition of Ag NPs, at concentrations of
1 ppm and above, growth inhibition of these cyanobacterial
cells occurs (Fig. 12).

Toxicity of TiO, NPs

The estimated annual production volume of TiO, NPs is
around 3000 tons, the second highest volume among engi-
neered nanomaterials (Bondarenko et al. 2013). TiO, NPs are
used in sunscreens, medical implants, drug delivery, sensors,
lithium ion batteries, wastewater disinfection etc. (Tilly et al.
2014). Modeling calculations indicated that the TiO, NPs in
sewage treatment effluents may represent a risk to aquatic
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Figure 12. Effect of AgNPs on Chl fluorescence quenching. Synechocystis PCC 6803 cells were treated with AgNPs of 2 nm average size. The high
intensity blue (450 nm) light induced quenching was detected by imaging of Chl fluorescence from the 24 well plates after incubating the cells
for 90 min with indicated concentrations of AgNPs (image a: RGB photo) at growth conditions. False color coded images of the effective quan-
tum yield of photosystem Il (Y(Il)=(Fm’-F)/Fm’ where F and Fm’ are the chlorophyll fluorescence yields measured before and during a saturating
pulse in an illuminated sample) obtained at the end of the first low intensity illumination period (image b) and at the end of the second low
intensity illumination period (image c) are also shown. The growth of the cells was also monitored in the 24 well plates (Panel B)

organisms (Gottschalk et al. 2009). TiO, NP exposure of
nitrogen-fixing cyanobacteria Anabaena variabilis led to
observable alterations in various intracellular structures and
induced a series of stress responses, including production
of ROS, increase in the abundance of membrane crystalline
inclusions, disruption of thylakoid and plasma membranes.
Furthermore, cell surface morphology and mechanical prop-
erties were modified as well (Cherchi et al. 2011). Oxidative
stress mediated by photoactive TiO, is the likely mechanism
of its toxicity. Even relatively low levels of UV radiation,
comparable with those found in nature, can induce toxicity of
TiO,NPs to marine phytoplankton (Miller et al. 2012). Using
the cyanobacterium Synechocystis PCC 6803 it was shown
that TiO, NPs can trigger direct (cell killing) and indirect
effects (cell sedimentation), and that these toxic effects are
increased with NP concentrations, with UVA radiation, and in
the absence of extracellular polymeric substances, (Planchon
et al. 2013). Metabolomic analysis on the toxicological effects
of TiO, NPs in mouse fibroblast cells revealed perturbations
in the metabolism of certain amino acids indicating that TiO,
NPs influence the cellular metabolic environment (Bo et al.

2014). Standard short-term (5 days) inhalation study on rats
with aerosols of various NPs placed TiO, NPs into the grade
of higher toxic potency (Landsiedel et al. 2014).

Toxicity of carbon NPs

Carbon-based nanomaterials, such as two-dimensional gra-
phene nanosheets, one- dimensional CNTs or zero-dimen-
sional fullerenes are widespread in different areas of nano-
technology. Graphene nanosheets can induce the degradation
of the inner and outer cell membranes of E. coli. They also
reduce cell viability and can penetrate into cell membranes
and extract large amounts of phospholipids due to strong
dispersion interactions between graphene and lipid molecules
(Tu et al. 2013). Toxicological assessment of synthesized
CNT-polymer hybrids as potential materials for membranes
used in water treatment applications revealed that surface
characteristics play a major role in the biological response of
functionalized CNTs (Koromilas et al. 2014). The importance
of surface modification of multiwall CNTs (MWCNTs) was
also compared regarding cytotoxicity of raw MWCNTSs and

237



Vass et al.

MWCNTs functionalized with carboxylation (MWCNTs-
COOR) or polyethylene glycol MWCNTs-PEG) in murine
macrophages and was found that only raw MWCNTSs and
MWCNTs-COOH altered the oxidative potential of mac-
rophages (Zhang et al. 2015). Fullerenes in pure unmodified
form have not shown any adverse effect (Johnston et al. 2010),
but in vitro toxicological studies showed that occupational
co-exposure with C,, fullerene may strengthen the health
effects of organic industrial (acetophenone, benzaldehyde,
benzyl alcohol, m-cresol and toluene) chemicals (Lehto et
al. 2014).

Awareness of nanotoxicity

The exponentially increasing number of scientific publications
dealing with the toxicity effect of NPs reflects the responsible
attitude of the scientific community. The Organization for
Economic Cooperation and Development (OECD) launched a
programme in 2006 to ensure that the approaches for exposure
and risk assessment regarding manufactured nanomaterials
are of a high quality, science-based and internationally har-
monized. In 2012 they specified a list of 13 representative
engineered nanomaterials, which can support measurements,
toxicology and risk assessment of nanomaterials (Oecd 2012):
fullerenes (C, ), single-walled and multi-walled carbon
nanotubes (SWCNTs and MWCNTs), silver and gold NPs,
NPs of iron, titanium dioxide, aluminum oxide, cerium ox-
ide, zinc oxide, silicon dioxide, dendrimers and nanoclays.
Concern-driven integrated approaches are published on a risk
assessment of manufactured nanomaterials highlighting im-
portant issues such as public, occupational and environmental
exposure to NPs, human health and ecological effects of NPs,
persistence, bioaccumulation, fate and distribution of NPs
(Behra and Krug 2008; Oomen et al. 2014).

Use of NPs in agriculture

The use of nanotechnology for crop protection presents novel
applications for agriculture. Agri-nanotechnology has opened
a new way of plant transformation, improved plant disease
resistance, and crop protection (Nair et al. 2010). Effects of
various NPs on the growth and metabolic functions of plants,
as well as their uptake efficiency vary among plant species.
The size of NPs has a strong effect on their interactions with
living cells, influencing uptake efficiency, internalization
pathway selection, intracellular localization and cytotoxic-
ity (Chen and Yada 2011). NPs taken up by plant roots are
carried to shoots through vascular systems depending on
the plant anatomy and composition, as well as on the shape
and size of NPs (Ma et al. 2010). Other entry routes include
leaves, on the surface of which accumulation of NPs cause
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foliar heating that results in alterations of gas exchange due to
stomatal obstruction, eventually inducing changes in various
physiological and cellular functions (Monica and Cremonini
2009). Generally leaf surfaces absorb NPs via stomatal
openings or bases of trichomes and are distributed to various
tissues (Eichert et al. 2008; Fernandez and Eichert 2009).
Once the NPs make it past the leaf surface plant cell walls
block the entry of NPs of 5 to 20 nm in diameter (Fleischer
et al. 1999) that could potentially target specific delivery of
proteins, nucleotides and chemicals. However, engineered
NPs could increase cell wall pore size, or induce new cell wall
pores, which in turn may enhance NP uptake (Navarro et al.
2008) and NP delivery systems can reach the chloroplast and
mitochondria. NPs of calcium phosphate, carbon materials,
silica, gold magnetite, strontium phosphate etc. can be com-
bined with chemical compounds to deliver genes into target
cells with minimum cell damage.

Nanopesticides

Development of products that can deliver long term effective
and smart targeted agrochemicals like fertilizers or pesticides,
fabrication of sensors for on-field rapid detection of contami-
nants and for improving seed germination can be achieved
by functionalization of NPs with organic and inorganic mol-
ecules (Dhillon et al. 2012). Pesticides and fertilizers in the
form of NPs can be very effectively transported to targeted
sites and tissues, and their controllable use reduces unwanted
side effects (Nair et al. 2010). Processes such as nanoen-
capsulation show the benefit of more efficient use and safer
handling of pesticides with less exposure to the environment
that aims for better ecoprotection.

NPs can impact plants on physiological, biochemical and
genetic levels, the scale of which depends on plant species,
NP properties and their concentration (Monica and Cremonini
2009). NP intake could drastically affect plant biodiversity,
where more sensitive species may be eliminated and growth,
flowering and fructification of other species may be favored
through the presence of NPs (Monica and Cremonini 2009).
Nanosilica treatment exhibits germination enhancement in
maize seeds, along with the increase of root-shoot length and
the number of newly emerging lateral roots in comparison to
control plants (Dhillon et al. 2012). Risk assessment should be
carried out on interactions of NPs with plants, which are es-
sential base components of all ecosystems (Ma et al. 2010).

NP- mediated genetic transformation in plants

Vehicles for nuclear transformation in plants include Agrobac-
terium mediation, microparticle bombardment, and electropo-
ration. Agrobacterium mediated transformation is most ex-
tensively used because of its wide host range. The expensive
microparticle bombardment technique delivers DNA into
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Figure 13. Thermal images of wheat seedlings (GK Elet cv.) grown under hydroponic conditions. Leaf temperature was measured by a thermal
camera after 15 days post treatments of control Hoagland solution and nanoparticle dispersion (SiO, NPs, 1000 ppm).The darker color indicates

cooler leaf temperature.

the nucleus, but may damage mitochondria, and it has a high
copy number of transgenes. In the electroporation method,
transgenic plants are generated by protoplast transformation.
During the process cells may get damaged by repeated electric
pulses, or ion imbalance and cell death may occur (Husaini et
al. 2010). NPs combined with chemical compounds deliver
genes into target cells. These delivery systems are highly ef-
ficient, size tunable (1-200 nm), functionally customizable,
and the immunogenicity of the process can be controlled.
As the particle size decreases from micro to nanoscale, the
cell wall barrier becomes a minor obstacle, and cell damage
can also be minimized. NPs used for these purposes include
calcium phosphate, carbon, silica, gold magnetite, strontium
phosphate. Pore enlargement and multifunctionalization of
mesoporous silica NPs could facilitate target-specific delivery
of proteins, nucleotides and chemicals in plant biotechnology
(Torney et al. 2007).

Effects of NPs on plant photosynthetic
characteristics

Foliar application

After foliar and soil fertilization with Fe,O, NPs, plants
showed positive effect on root elongation and photosynthetic
parameters when compared to their bulk counterparts. No ad-
verse impacts on the physiological performance at any growth
stage were reported after application of Fe,O, NPs (Alidoust
and Isoda 2013). The effect of NPs can increase the photo-
synthetic rates, which in turn increases the stomatal opening
rather than increased CO, uptake activity at the chloroplast
level. Foliar application of NPs showed positive effects when
compared to soil treatment.

Hydroponic application

Silicon improves canopy photosynthesis and its accumula-
tion in plants is controlled by the ability of roots to take up

Si (Ma and Yamaji 2006). The efficiency of SiO, NPs shows
better performance than bulk silica with regard to germina-
tion percentage (GP %), and root growth parameters in maize
(Suriyaprabha et al. 2012). We also observed better photosyn-
thetic characteristics, and increased transpiration rate, leading
to cooler leaf temperatures in the presence of SiO, NPs in
hydroponically grown wheat seedlings (Fig. 13).

Concluding remarks

NPs offer a wide range of new and exciting possibilities for
already existing laboratory and clinical techniques, as well as
for the development of novel methods. However, in order to
curb concerns about toxicity issues, detailed and long-term
research is required to further characterize NPs that are in-
troduced or inadvertently come into contact with biological
systems.
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