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ABSTRACT. The phenomenal development of nanobiotechnology in the
twenty-first century has opened the door to exciting progress in medical
nanoapplications. Nanotechnology promises a revolution in medicine to
improve or create novel therapies in such areas as reproduction. Nanomaterials
are used as active agents, drug delivery systems, and diagnostic molecules
to treat and prevent diseases at the systemic, cellular and molecular level.
Such broad implementation of nanoobjects is possible due to their unique
properties resulting from their extremely small size. In this mini-review we
discuss documented predictions and concerns associated with intentional or
unintentional application of or exposure to nanostructures in reproduction and
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Nanotechnology — what is it?

Nanotechnology is defined as a production pro-
cess that encompasses the use of technology to
achieve very high precision and extremely small size
(at the 1 nm level) (Taniguchi, 1974).

It is currently a multidisciplinary integrative
achievement of natural sciences such as biology,
chemistry, physics, mathematics, computer science
and engineering, dedicated to creating and testing a
variety of structures with sizes ranging from 0.1 to
100 nm (Koopmans and Aggeli, 2010). The unri-
valled potential of structures in a nano scale, which
are comparable in size to many biological molecules,
has been predicted since 1959 (Feynman, 1960). Nev-
ertheless, the true development of nanotechnology
dates from the discovery of scanning tunneling mi-
croscopy (Binnig and Rohrer, 1982) and atomic force
microscopy (Binnig et al., 1986), which allowed the
visualization processing of very small structures with
unique precision. Since then, thousands of nano-sized

embryogenesis.

materials have been obtained and used to make ob-
jects of various forms. Their common characteristic
is having at least one side with a dimension of less
than 100 nm. On this scale, the physical, chemical
and biological properties of nanomaterials basically
differ from the properties of single atoms or of bulk
solid matter and are governed by the rules of quantum
mechanics rather than classical physics. The most
important feature of nanostructures that distinguishes
them from chemical particles or ions is the defined
surface of the nanomaterials. Atoms on the surface
of a nanostructure are in a higher energy state than
the core atoms. Furthermore, some atomic orbitals do
not form bonds with neighboring atoms, which gives
them unique physical and chemical properties (Jiang
et al., 2009). Therefore, it can be said that the attrib-
utes of nanomaterials strongly depend on their size,
shape, composition, dimensionality and morphology,
which are the key factors determining their ultimate
performance and applications (Ashby et al., 2009;
Cao and Wang, 2011).
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Figure 1. Biomedically-applied nanomaterials

The spatial structure of nanoobjects can be used
to facilitate their classification. We distinguish zero-
dimension (0D) structures with all dimensions within
the nanometric size range. The nanoobjects in this cat-
egory appear to be uniform nanoparticle (NPs) arrays:
quantum dots, heterogeneous particle arrays, core—
shell quantum dots, hollow spheres and nanolenses.
The class of one-dimension (1D) materials comprises
nanowires, nanorods, nanotubes, nanobelts, nanorib-
bons and hierarchical nanostructures. Those having
two dimensional (2D) exceeding the nanometric size
range belong to the 2D class that includes junctions —
continuous islands, branched structures, nanoprisms,
nanoplates, nanosheets, nanowalls and nanodisks.
Three-dimensional (3D) constructions, such as na-
noballs, dendritic structures, nanocoils, nanocones,
nanopillers and nanoflowers, have recently become
the subject of intensive study due to their highly active
surface areas (Pokropivny and Skorokhod, 2007). Na-
nomaterials can also be defined according to a specific
material. Organic nanomaterials are composed mainly
of carbon and polymers such as chitosan (Figure 1).
Inorganic ones consist of noble metals, oxides and
semiconductors with optical properties, such as cad-
mium, selenium, tellurium (Barkalina et al., 2014a).

The expansion of nanomaterials has rapidly
encompassed many areas of science and everyday
life. Materials produced through nanotechnology or
by classical technology, but having a size smaller
than 100 nm, are used on a very large scale in prac-
tical applications, including energy supply, con-
struction and transportation, food production, data
storage and telecommunications, healthcare, the
manufacturing of consumer products and biotech-
nology (Barkalina et al., 2014a).
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Nanostructures in biological systems

Nanobiotechnology, which is described as
the design and application of biomolecules on
the nanometer scale, is a rapidly evolving inter-
disciplinary field at the crossroads of nanosci-
ence, biology and engineering (Niemeyer and
Mirkin, 2004). Advanced nanobiotechnology is
multifunctional in nature and can benefit from
the full potential of nanomaterials, transform-
ing their optical, mechanical, magnetic and cat-
alytic properties (Ashby et al., 2009; Cao and
Wang, 2011). Over the last de-cade, nanomate-
rials have been used in biomedicine mainly as
active agents, drug delivery systems and diag-
nostic molecules (Figure 2) to treat and prevent
diseases at the systemic, cellular and molecular
levels (Emerich, 2005).

Contrast agent
for imaging,

Therapeutic agent

e.g. quantum dots
Targeting ligand

PEG coating

Vector for nucleic acid,
immunoglobulins,
chemotherapeutics, etc.

Figure 2. Direction of nanomaterials application
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Active agents. The biocompatibility and tox-
icity of nanostructures define the limitations of their
use. Although the number of studies examining the
behaviour of nanostructures within living organisms
has rapidly increased, many mechanisms are still not
understood. Consequently, to use nanostructures as
active agents, i.e. as new, alternative drugs, the in-
teraction between them and the biostructures of the
living body must be well known.

Biodistribution and clearance of nanostruc-
tures from the body are crucial aspects with regard
to applicability in biomedical science; detailed re-
search on them is being continued. Circulation of
nanoparticles (NPs) is determined by their chemi-
cal and physical properties, including origin, size,
surface charge, and also route of administration
(Figure 3). Nanostructure distribution is also cor-
related with the physiological state of an organism.
Inflammation, solid tumors and deliberate disruption
of endothelial vessels contribute to increased leaki-
ness that provides vascular contents greater access
to extravascular targets (Faraji and Wipf, 2009). Na-
nostructures are efficiently taken up into cells, usu-
ally via the endosomal pathway through membrane
fusion or receptor b-mediated endocytosis. Parab et
al. (2009) observed a shape-dependency of NP up-
take as a result of a smaller contact area with cell-
membrane receptors. Cells exhibit increased uptake
of spherical particles in comparison with rod- or
cylinder-shaped ones. The optimal size of NPs for
effective uptake depends on the cell that has been
chosen. Each cell type can express varying levels of
target receptors and can utilize different internaliza-
tion pathways (Albanese et al., 2012). Biodistribu-
tion and accumulation of nanomaterials have been
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Figure 3. Properties of nanomaterials influenced on its biocompat-
ibility (modified, according to Barkalina et al., 2014a)

investigated for a number of applications. In the
study by Dziendzikowska et al. (2012) translocation
of single intravenous boluses of silver (Ag) NPs
from the blood to organs was demonstrated. The
concentration of Ag in tissues was size dependent
and significantly higher in rats treated with 20 nm
AgNPs as compared with 200 nm AgNPs. Circula-
tion of Ag was also time dependent and the highest
concentration of NPs was found in the liver after
24 h, in lungs and spleen after 7 days, and in the
kidneys and brain after 28 days.

One of the most frequent uses of nanostruc-
tures is related to their unique antimicrobial pro-
perties. Nanostructures are increasingly perceived
as an alternative to antibiotics due to their vast spec-
trum of antibacterial actions, encompassing even
those microbial strains that are antibiotic resistant,
and their effect can be observed at low concentra-
tions (Herman and Herman, 2014). The mechanism
through which nanomaterials exert antibacterial ef-
fects strongly depends on the type of NP, its physi-
cal characteristics (size and shape) and preparation
methods. There are two main categories of these
antibacterial actions. The first is based on physical
damage to the cell by increased membrane perme-
ability (Padmavathy and Vijayaraghavan, 2008),
accumulation in the bacterial membrane (Sondi
and Salopek-Sondi, 2004), or immobilization of
microorganisms while inducing membrane stress
by direct contact with a sharp edge (Kurantowicz
et al., 2015). The second type of actions relies on
inhibition of a crucial physiological process or the
cell cycle, resulting in suppression of the growth of
pathogens. NPs induce oxidative stress (Kurantowicz
et al., 2015), form free radicals (Rajeshkumar et al.,
2012), inhibit the microorganism’s respiratory sys-
tem (Amin et al., 2012), or disturb replication by
interacting with phosphorus-containing compounds
like DNA (Sunkar and Nachiyar, 2012). Consider-
ing emerging and globally spreading new mecha-
nisms of pathogen resistance that threaten the ability
to treat common infectious diseases, nanostructures
may prove to be the drug of choice.

Notwithstanding the above, the most spectacu-
lar trend in nanobiotechnological implementations,
one which has aroused great expectations in the
scientific community, is cancer treatment. Cancer
therapy is based on precise marking, augmenting,
or suppressing endogenous functional activity in a
selected target cell population. Nanooncology may
make use of the specificity of the tumor microen-
vironment, which remarkably differs from the sur-
rounding normal tissue (Thakor and Gambbhir, 2013).
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This attribute can be used to make oncotherapy safer
and more efficient (Sultana et al., 2013). Nanostruc-
tures can attack tumor cells per se, as a therapeu-
tic agent in photodynamic therapy. This treatment
generates cytotoxic oxygen-based molecules, which
in consequence cause damage to subcellular or-
ganelles and plasma membranes, resulting in cell
death by apoptosis, necrosis or autophagy (Thakor
and Gambhir, 2013).

Moreover, combating cancer requires a multi-
track approach, therefore, anticancer treatment is
also focusing on antiangiogenesis by synergic com-
bination of NPs and drugs. Carbon nanostructures,
including diamond, graphite, graphene and fulle-
renes, exhibit antiangiogenic properties (Wierzbicki
et al., 2013). Meng et al. (2010) observed increased
antiangiogenic properties of fullerenes conjugated
with multiple hydroxyl groups, which are capable
of downregulating more than 10 angiogenic factors.

Drug delivery systems. Robust nanoplatforms
are a non-invasive transporter of all types of biolo-
gical cargo, such as targeting ligands and biomark-
ers (Yuetal., 2012). A loaded drug can be adsorbed,
dissolved, or dispersed throughout the NP complex
or, alternatively, it can be covalently attached to its
surface. The connection between carrier and ligand
may result from the natural properties of indivi-
dual nanostructures. An example of such proper-
ties is the strong affinity of gold (Au) NPs to thiol
groups (Ghosh et al., 2008), where bio-complexes
with organic compounds are created in the process
of self-assembly (self-organization) driven by van
der Waals forces (Pyrpassopoulos et al., 2007). In
turn, the nanosurface can be modified in a forced
manner by coating and/or charge changing, which
allows manipulating the interaction with ligands
and targets (Figure 3) (Petros and DeSimone, 2010;
Albanese et al., 2012). Furthermore, binding of
functional agents, like antibodies, proteins or nu-
cleic acids, improves biodistribution and uptake by
the target cell population (Faraji and Wipf, 2009;
Ballarin-Gonzalez and Howard, 2012; Wang et al.,
2012). Moreover, the cargo delivered by NPs can
also be formulated on a nanoscale. Implementation
of this technique increased therapeutic efficiency in
a living animal model due to greater bioavailabi-
lity and a longer sustainable therapeutic time, while
maintaining low toxicity (Thakor and Gambhir,
2013).

In this context, applicable nanocarriers should
fulfill certain criteria, which include the ability to
bind or contain ligands and maintain stability in
the serum or cells. They should also exhibit affinity
to target structures, be able to release a drug, and
be created from a biological or biologically inert

material with a limited lifespan to allow safe deg-
radation. Appropriate components for these vec-
tors are lipids, phospholipids, dextran and chitosan.
Likewise, nonbiodegradable nanomaterials can be
used as active carriers. Artificial nanostructures
mimic naturally produced phospholipid vesicles,
and thus they can act as powerful mediators of cell
communication. In contrast to organic vehicles, in-
organic ones are relatively stable over a wide tem-
perature and pH range (Faraji and Wipf, 2009).

One of the varieties of a nanodelivery system
used in nanooncology, is the application of nano-
structures as a carrier for intracellular delivery (Liu
and Zhang, 2011) via passive, active or magnetic
pathways (Schleich et al., 2014). This treatment can
reverse the resistance of tumors to chemotherapy
and also can help reduce systemic toxicity. Beyond
chemotherapeutics, nanocarriers can deliver geneti-
cally active agents in experimental gene therapy,
which is currently being extensively examined. The
most promising effects of gene therapy are observed
when neutral nanoliposomes from biological mate-
rial are used (Diaz and Vivas-Mejia, 2013). Also,
NPs are used in gene silencing therapy based on
siRNAs, short double-stranded RNA fragments with
the ability to interfere with the translation of spe-
cific mRNAs complimentary to their nucleotide se-
quence (Fire et al., 1998). siRNA bind to the RNA-
induced silencing complex (RISC) and activate its
essential catalytic component — a multifunctional
Argonaute protein, which, through its endonuclease
activity, leads to silencing of gene expression. The
process may simultaneously silence with high ef-
ficacy and specificity several genes that contribute
to cancer progression. Using nanocarriers allows
excluding several limitations of this method, like
delivery problems or side effects due to off-target
actions (Thakor and Gambhir, 2013). Therefore,
nanobiotechnology creates a novel possibility for
manipulation of cell function (Dragovic et al., 2011;
Gercel-Taylor et al., 2012).

Diagnostics. The great versatility of nanostru-
ctures permits their use in theranostics, which refers
to the simultaneous integration of therapy and diag-
nosis into a single, integrated system (Muthu et al.,
2014). The implementation of nanostructures in this
new area provides an individual approach to the pa-
tient and his disease. It enables increasing the effec-
tiveness of therapy and reducing adverse effects by
controlled and targeted co-delivery of therapeutic
drugs and steady imaging, even during the treatment
regimen (Xie et al., 2010). Nanoplatforms can also
serve as quick and cost effective nanobiosensors
for the detection of novel cancer biomarkers (Yuan
etal., 2012).
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Nanostructures in reproductive
biology

Reproductive success is crucial for assurance of
the continuation of species and is strictly dependent
on the performance of the reproductive system. Dis-
ordered homeostasis of this system can lead to infer-
tility. The problem of male and female subfertility
has been recognized by the World Health Organiza-
tion as a social disease. International studies have
reported that reproductive dysfunction affects 12%
to 20% of couples in the world, with most of them
in developed or developing countries. This situa-
tion is probably related to the reproductive age shift
and pollution. That is why medical support of fer-
tility for couples with unexplained subfertility and
unfavourable prognosis is a continuously expand-
ing field of reproductive medicine. The role of as-
sisted reproduction techniques (ART) is still grow-
ing, and increasing knowledge is probably leading
to increasingly better efficiency. Conventional ART
are mainly aimed at various forms of subfertility
in both sexes, including severe or obstructive male
infertility, bilateral tubal pathology, poor ovarian
reserve, advanced maternal age, anovulation and
endometriosis (Kamphuis et al., 2014). The main
ART is still in vitro fertilization (IVF) and correlated
procedures including selection and micromanipula-
tion of gametes and embryos, in vitro maturation of
oocytes, preimplantation genetic testing, cryopreser-
vation of gametes and reproductive tissues. Novel
and experimental techniques, like time-lapse imag-
ing of embryo development, assisted egg activa-
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tion and nuclear genome transfer, are also emerging
(Lemmen et al., 2008; Fragouli and Wells, 2012).
Extended use of IVF unfortunately increases the
risk of damage associated with maternal and perina-
tal complications such as gestational diabetes, foe-
tal growth restriction, pre-eclampsia and premature
birth (Pinborg et al., 2013; Kamphuis et al., 2014).
Therefore, new and improved coping strategies with
infertility are still desired and nanobiotechnology has
clear potential in this area. The use of nanotechnol-
ogy for reproductive applications is currently in its
earliest stages and scientists are still looking for pos-
sible implementations of nanomaterials (Figure 4).

One of the proven approaches is application of
nanosolutions as a safer and less invasive alternative
to standard surgical intervention. For example, a the-
ranostic approach uses nanostructures to treat ectopic
pregnancy and trophoblastic diseases (Kaitu’u-Lino
et al., 2013), endometriosis (Lee et al., 2012), as well
as uterine fibroids (Ali et al., 2013).

Nanosupport of assisted reproduction tech-
niques. Nanobiotechnology is also a route for ART
improvement. Nanomaterials as carriers of various
functional molecules can find a broad spectrum of
application. Nanovehicles are serving, among oth-
ers, in hormone therapy, including hormone replace-
ment therapy. Hormones with poor oral bioavaila-
bility, such as oestradiol, can be encapsulated into
biodegradable polylactic-glycolic acid (PLGA) NPs
and administered orally (Hariharan et al., 2006) or
transdermally (Tomoda et al., 2012). In both stud-
ies, nanoparticulate formulations of the drug dem-
onstrated greater permeability compared with its
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Figure 4. Current and experimental application of nanomaterials in reproductive medicine
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standard form. In contradistinction to nonbiode-
gradable nanomaterials, those treatments did not
cause an inflammatory response or undesired distri-
bution in the body (Hariharan et al., 2006).

Moreover, NPs, as an alternative to traditional
fluorophores, are used for spermatozoa sorting by
flow cytometry and fluorescent-activated cell sorting
(Chattopadhyay et al., 2010). Several publications
report using AuNPs covalently bonded with mem-
brane-penetration agents for sorting populations of
gametes by recognizing and binding with specific
DNA sequences at the Y-chromosome (Barchanski
et al., 2011; Rath et al., 2013) without affecting fer-
tilization potential (Feugang et al., 2012). Improve-
ment of this technique will allow not only broader
use of sex-sorted spermatozoa, mainly in breeding
livestock (Rath et al., 2013), but also development
of bioimaging systems in the future (Barchanski
etal., 2011).

Another reproductive support technique in
which nanosolutions can be deployed is sperm-
mediated gene transfer (SMGT). This method is
designed to breed transgenic animals for use as pre-
clinical models of human diseases, bioreactors for
pharmaceutical products and in xenotransplantation
experiments (Canovas et al., 2010; Parrington et al.,
2011). Traditional and forced transfection methods
for SMGT are electroporation, lipofection, DNA/
DMSO complexes, and restriction-enzyme-mediat-
ed integration. Nonetheless, the number of transge-
nic offspring obtained by this technique remains low
(Spadafora, 2007). Actions of nanotransfectants,
such as nanopolymers, are based on the sperm’s
inherent ability to spontaneously bind and incorpo-
rate exogenous DNA during co-incubation. Thereby
they serve as natural vectors for transfection of the
oocyte and, consequently, of a developing embryo
via IVF (Campos et al., 2011b). This treatment did
not affect sperm motility or viability, but both X-
and Y-sorted sperm had decreased DNA uptake in
comparison with unsorted sperm (Campos et al.,
2011a). Constructs of NPs conjugated with exo-
genous DNA are successfully transferred via SMGT
into fertilized oocytes, but expression of the assayed
protein in morulae and blastocysts is not always de-
tectible (Kim et al., 2010; Campos et al., 2011a).

From the research perspective, this approach
could provide invaluable insight into the physiologi-
cal pathways associated with fertilization and early
embryo development. Another stage of proceeding
with gametes within ART is cryopreservation of
spermatozoa and oocytes. Nanomaterials have been
evaluated as potential nanocryoprotectants improv-
ing the storage conditions for semen and the freeze/

thaw cycle (Silva, 2014). Likewise, in relation to
female gametes, NPs can hinder the recrystalliza-
tion of vitrification solution during rewarming of
oocytes (Zhou et al., 2015).

Antimicrobial treatment. Depending on the an-
tibacterial and antiviral properties of nanostructures,
they can be used for the detection and treatment of
genital infections, including Chlamydia trachoma-
tis (Tang et al., 2010), Neisseria gonorrheae (Singh
et al., 2011), Candida spp. (Bansod et al., 2013) and
Herpes simplex virus (Bernstein et al., 2003). In par-
ticular, studies on counteracting chlamydial infection,
which has long-term consequences including male
and female infertility, are well-advanced (Wyrick,
2010). The unique life cycle of this pathogen makes
it remarkably antibiotic resistant. Anti-chlamydial
nanotreatment can be conducted on three levels: drug
delivery system (Toti et al., 2011), polyamidoamine
dendrimer-based intravaginal knockdown of gene ex-
pression (Mishra et al., 2012) and effective anti-chla-
mydia immunization by biodegradable PLGA NPs as
a vaccine subunit (Fairley et al., 2013).

Reproductive oncology. To date a number of
nanomaterial-based reproductive applications have
been investigated. The main focus of detection and
targeted therapy is reproductive oncology. Tradi-
tional treatment with cytotoxic agents can expose
patients to temporary or permanent loss of fertility
through ovarian tissue damage and impaired folli-
cle function (Levine et al., 2010). The ferto-toxicity
of conventional drugs may influence treatment de-
cisions for many premenopausal women suffering
from cancer. Nanomaterial-mediated delivery of
chemotherapeutics permits marked improvement
in their efficiency and also helps to reduce sys-
temic toxicity. Researchers have demonstrated the
potential of biodegradable NPs, such as derivatives
of PLGA (Le Broc-Ryckewaert et al., 2013) and
bovine serum albumin (Zhao et al., 2010). Also
non-biodegradable materials can be applied, in-
cluding magnetic iron (Lee et al., 2013) and gold
(de Oliveira et al., 2013). Binding ligands to nano-
carriers facilitates the delivery of chemotherapeutic
agents into target cancer cells and significantly po-
tentiates their anti-tumor effects compared with the
respective free molecules (Ahn et al., 2013).

The treatments referred to above are intended to
ensure reproductive success. Currently, equally in-
tensive research attempts to apply nanotheranostics
in embryo development are being made (Kohli and
Elezzabi, 2009).

Embryogenesis. During embryogenesis the
intensive processes associated with the formation
and proper development of all systems, such as the
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nervous, respiratory, circulatory, digestive and excre-
tory systems, affect the entire further life of the foetus.
All transformations taking place in the embryo are
relatively intensive and dynamic. The risk of affect-
ing the foetus is higher in some critical periods of em-
bryogenesis, such as implantation, placenta formation
and organogenesis (Kulvietis et al., 2011).

Embryos can be exposed to nanostructures as a
result of accidental contact in the maternal surround-
ings, which include air, food and water. Intentional
action through diagnostics and treatment is also pos-
sible. There are ongoing studies concerning optimiza-
tion of in utero treatment of embryo renal anomalies
by gene therapy. Nanomaterial-mediated gene trans-
fer into foetal tissues was demonstrated by Yang et
al. (2011). The authors utilized intra-amniotic injec-
tions into mouse embryos of chitosan NPs conjugated
with the enhanced green fluorescent protein (EGFP)
gene and observed expression of the transgene in
the alveolar epithelium of the lungs and the luminal
intestinal epithelium. However, the effect was tem-
porary and limited to the listed tissues. Nanomateri-
als also have been evaluated as potential labels for
preimplantation embryos in IVF for identification
purposes. Fynewever et al. (2007) co-incubated or
microinjected polystyrene and polyacrylonitrile NPs
into mouse 1-cell embryos for external and cytoplas-
mic tagging, respectively. Embryo development was
similar for externally applied polystyrene nanoparti-
cles and controls. Intracytoplasmic injections of the
same NPs resulted in a reduced proportion of develop-
ing embryos compared with control groups. Regard-
less of the administration method, the negative ef-
fects of polyacrilonitrile NPs were more pronounced.
Therefore, further research in both nanoapplications is
required to optimize the techniques and timings of this
procedure in order to achieve more stable outcomes.

Nanostructures per se or as vectors can be utilized
as supports in nanonutrition. Nanonutrition refers to
additional supporting of development in prenatal as
well as postnatal life, when the content of nutrients
is not sufficient to fully support embryogenesis
(Foye et al., 2006). Nanonutrition comprises direct
administration to the environment of the embryo
such extra nutrients as carbohydrates, minerals,
vitamins and other modulators that can assist foetal
formation. Nanoapplication may have a positive
effect on such fundamental processes as angiogenesis
(Mroczek-Sosnowska et al., 2015), myogenesis
(Zielinska et al., 2011) and osteogenesis (Sikorska
et al., 2010). Angiogenesis is the process in which
a new blood vessel is formed and developed, and
is regulated by specific metabolic pathways. It is
essential for proper growth of the embryo by providing

appropriate supplies of oxygen and nutrients. Using
an embryo chorioallantoic membrane model,
Mroczek-Sosnowska et al. (2015) demonstrated
that copper (Cu) NPs per se have pro-angiogenic
properties at the systemic level, and also change the
morphology of vessels and their thickness. Cu is
a pleiotrophic agent that influences numerous
mediators of angiogenesis (Xie and Kang, 2009).
Nano-sized Cu induces more enhanced pro-angiogenic
effects than copper in its salt (CuSO,) and metal (Cu®)
forms. Cerium oxide nanoparticles (CeNPs) are able
to induce angiogenesis, too. CeNPs are a nontoxic
redox-active agent (Celarado et al., 2011), which act
by modulating the intracellular oxygen environment
and stabilizing hypoxia. In vitro and in vivo research
demonstrated robust induction of endothelial cell
proliferation as well as vascular sprouting (Das
etal., 2012).

Nanonutritional support also promotes progress
of another crucial process, i.e. myogenesis. Muscle
cells are created and developed from the undiffer-
entiated mesodermal germ layer, and are nearly es-
tablished just before birth. The muscle structure is
mainly determined by the total number of muscle fi-
bres and their thickness. The process of myogenesis
depends on genetic and environmental factors, and
is affected by the proliferation, differentiation and
maturation of cells. Sawosz et al. (2013) and Grodzik
et al. (2013) observed that AgNPs and diamond NPs
(DNPs) used, respectively, as an active agent and as
a protective nanocarrier for adenosine triphosphate
(ATP) or amino acid L-glutamine, increased embryo
muscle mass and upregulated expression of genes
involved in myogenesis, such as fibroblast growth
factor-2 (FGF-2), vascular endothelial growth factor
(VEGF) and myogenic differentiation 1 (MyoD1).
Furthermore, AuNPs with natural compounds of the
extracellular matrix, such as taurine and heparan sul-
phate, increased the number of nuclei per cell, the
number of satellite cells, fibre diameter, as well as
muscle mass (Zielinska et al., 2011, 2012).

Nanostructures have also been evaluated as po-
tential candidates for carriers into bones of micronu-
trients promoting osteogenesis (Sikorska et al., 2010).
Reinforcement of bone tissue repair potential during
embryogenesis may improve spontaneous regenera-
tion in postnatal life (Gusic et al., 2014).

Risk of the use of nanomaterials

The benefits of using nanostructures must be,
however, examined and discussed in parallel with
potential toxic and/or negative effects of these
materials on living organisms. One of the main
problematic issues associated with nanoapplications
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in various fields is the potential impact on reproduc-
tion. The praxis of nanobiotechnological methods
in a range of clinical applications has undoubted
advantages. The increasing use of nanomedicine
brings with it the potential risk of systemic and local
toxicity of engineered nanomaterials. Nanostruc-
tures are able to accumulate in organs, tissues and
intracellular structures, so they are able to cause
long-term metabolic, immune and carcinogenic
effects (Barkalina et al., 2014a). Special concern
arises about the uncontrolled circulation in the body
of the nanomaterials currently widely used in both
medical and nonmedical applications. Accumula-
tion of nanomaterials in somatic cells can induce
inflammatory responses and carcinogenesis (Taylor
et al., 2012). However, in some respects accumu-
lation of nanostructures in reproductive tissues and
gametes is even more dangerous because it activates
a range of changes in physiological processes asso-
ciated with reproduction, which may lead to fertility
disorders and/or consequential impairments in the
offspring. This potential health hazard requires in-
depth investigation.

It is very important to select nanomaterials in
terms of safety and efficacy when considering expo-
sure of sensitive reproductive organs and gametes to
them, because many nanomaterials that are widely
used for delivery into somatic cells can demon-
strate toxicity towards gametes (Taylor et al., 2012;
Tiedemann et al., 2014). This difficult task requires
knowledge of the mechanisms governing interac-
tion of nanomaterials with cells. These interactions
depend on a combination of factors, including the
physical and chemical properties of the nanocar-
rier (size, surface charge, coating and presence of
functional groups) and morphological/physiological
features of the particular target cell population. In
nanocharacteristics studies there is no place for ge-
neralizations, because every nanostructure is unique
and requires an individual approach. Consequently,
the number of studies on potential toxicity is still
growing, but the obtained data are inconsistent.

Reports concerning the influence of nanotreat-
ment on male reproduction parameters are hard to
interpret because these studies involved varied types
of nanostructures, kinds of applications and treated
species. Some researchers have demonstrated bio-
compatibility with mammalian sperm for magnetic
iron NPs (Kim et al., 2010), mesoporous silica NPs
(Barkalina et al., 2014b), halloysite clay nanotubes
and commercial nanopolymer-based transfectants
(Campos et al., 2011a). In turn, alternative data
regarding the reproductive toxicity of most com-
monly used nanostructures, such as AuNPs, AgNPs

and titanium dioxide (TiO,) NPs, remain highly
contradictory. Application of noble-metal NPs
may impact sperm vitality parameters like motility,
morphology and membrane integrity, resulting in
impairment of male gametes, which become inca-
pable of fertilization. These effects were observed
after incubation of spermatozoa with extremely high
concentrations of ligand-free AuNPs and AgNPs
(Barchanski et al., 2011; Moretti et al., 2013). This
cytotoxic consequence was manifested by failure of
chromatin to decondense and in the nucleus struc-
ture (Zakhidov et al., 2010). It should also be re-
membered that that nanoparticles can pass through
the blood-testis barrier (Gao et al., 2013). It has been
shown that long-term administration by gavage of
AgNPs to adult male rats led to depletion of germ
cells, germinal cell necrosis, especially in spermato-
gonia, abnormal fibroblast-like appearance of Ley-
dig cells and abnormal spaces between neighboring
Sertoli cells (Thakur et al., 2014). Also, oral intake
of AgNPs in the prepubertal period caused altera-
tions in adult sperm parameters, such as reduction
of the acrosome and plasma membrane integrities,
decreased mitochondrial activity and increased ab-
normalities of the sperm, delay of puberty onset.
However, in this case AgNPs did not influence the
sex hormone profile (Sleiman et al., 2013; Mathias
et al., 2015). In turn, Garcia et al. (2014) observed
the effects of AgNPs on Leydig cell function after
intravenous administration, which resulted in in-
creased testicular and serum testosterone levels. Of
particular importance are TiO,NPs because they are
frequently used for commercial purposes in a va-
riety of products such as air and water filters, and
also in sun screens and coatings of self-cleaning
windows (Kale and Meena, 2012). Intraperitoneal
injection of TiO,NPs (Mohammadi Fartkhooni
et al., 2013) as well as oral intake (Tassinari et al.,
2014) or intragastric long-term administration (Gao
et al., 2013) in male rodents resulted in disordered
sex hormone profiles, testicular lesions and sperm
malformations. Researchers also observed important
changes in over 140 crucial genes involved in sper-
matogenesis and associated with steroid and hor-
mone metabolism (Gao et al., 2013). The particular
mechanisms of action are still unrecognized, but the
suggested reasons for cellular damage include pro-
duction of reactive oxygen species and interaction
with DNA (Taylor et al., 2012).

Oogenesis, in turn, begins very early in foetal
life and is continued in the primary ovarian reserve
until the end of the reproductive period. Therefore,
the effect of nanostructures on the female repro-
ductive system can cause permanent damage and
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subfertility. The few available studies focused on
these areas have demonstrated that the spontane-
ous biokinetics of nanostructures of various origins
allow their uncontrolled translocation, especially
when unmodified nanomaterials are used. Gao
et al. (2012) showed that after long-term intragastric
administration to female mice, TiO,NPs directly af-
fected ovarian function. The NPs accumulated in the
ovary either caused ovarian damage and decreased
fertility, or affected the pregnancy rate through
up- or down- regulation of over 200 genes, which
implies an imbalance of sex hormone metabolism.
NPs can also directly affect female gametes. In cul-
tured preantral follicles obtained from rats receiving
TiONPs, Hou et al. (2009) observed morphologi-
cal changes in the follicles and a reduced number of
matured oocytes.

Another aspect of contact of females with nano-
materials pertains to the period of pregnancy and the
maternal influence on embryogenesis. In the case of
mammals, the nanoimpact on the foetus is dependent
on the passage of nanostructures through the placental
barrier. New reports show that many conditions, such
as small size, appropriate hydrostatic pressure, coat-
ing, negative charge, hydrophilicity and chemical
composition, can enable NPs to cross the trophoblast
(Myllynen et al., 2008; Menjoge et al., 2010;
Praetner et al., 2010). The mechanism of NP transi-
tion through the placenta is not yet known. Some au-
thors believe that NPs can penetrate by active trans-
cellular transport connected with specific membrane
proteins or directly through an injured placental bar-
rier. However, results are inconsistent. TiO,NPs ap-
plied to time-mated mice through inhalation induced
long-term lung inflammation in females, but no NPs
were found in foetuses (Hougaard et al., 2010). In
contrast, Yamashita et al. (2011) reported that fluo-
rescently labeled TiO,NPs and silica NPs smaller
than 100 nm injected intravenously into pregnant
mice were found in the placenta, foetal brain and
foetal liver. Moreover, NPs larger than 300 nm were
not observed in placenta or foetus after injection.
These authors also observed that mice treated with
NPs had smaller uteri and smaller foetuses com-
pared with untreated females. Research indicates
that nanoparticles can cause dose- and size-depen-
dent embryo toxicity, resulting in growth inhibi-
tion, resorption of foetus, and placental dysfunction.
Studies indicate that these adverse changes may be
caused by pathological changes in placental struc-
ture that reduce blood flow (Yamashita et al., 2011).
Other studies concerning subcutaneous injection of
TiONPs into pregnant mice, pointed to the possi-
bility of effects on the expression of genes related

to the development and function of the central ner-
vous system (Shimizu et al., 2009). Another study
showed that comparable exposure increased levels
of dopamine in the brains of offspring (Takahashi
et al., 2010). Gao et al. (2011) observed that oral
administration of TiO,NPs to rats during gestation
decreased synaptic plasticity in the hippocampus of
the foetus. However, not only the nervous system of
foetuses was affected after maternal nanoexposure.
Subcutaneous contact of pregnant female mice with
TiO,NPs caused irreversible changes in their male
offspring. Takeda et al. (2009) observed various
functional and pathologic disorders in 6-week-old
male mice, such as reduced daily sperm production
and histological disorders in testicular tissue. This
negative effect of NPs can be prevented by coat-
ing the surface of nanoparticles with carboxyl or
amino groups, thus producing safe nanomaterials
(Yamashita et al., 2011).

Several studies have also investigated the ef-
fect of NPs on cultured early-stage embryos. The
effects of cobalt-chromium NPs on human tro-
phoblast choriocarcinoma cell lines and a layer of
BeWo b30 cells were examined, and DNA damage
in the fibroblasts was noted despite indirect expo-
sure (Bhabra et al., 2009). In turn, Li et al. (2010)
observed increased apoptosis, decreased cell num-
bers and decreased implantation success rates after
AgNP treatment of mouse blastocysts.

Although the number of studies concerning ma-
mmalian embryogenesis is still small, extensive
nanotoxicology research on chicken embryos and
zebrafish embryos has been conducted. Exposi-
tion of zebrafish larvae to AgNPs induces cardiac
and eye deformities, yolk sac oedema, finfold and
tail abnormalities, skeletal flexure, head oedema,
cardiac malformation and often abnormal tail (Lee
etal., 2012). The frequent adverse effects of AgNPs
can be explained by the action of Ag" ions released
in an aqueous environment (Powers et al., 2011).
Browning et al. (2009) observed concentration-de-
pendent cardiac malformation and yolk sac oedema
after exposure to AuNPs. In contrast to the above-
cited studies, it seems that Ag does not influence
chicken development as negatively as in zebrafish.
In ovo injection of Ag/Cu or Ag/Pd NPs into chicken
embryos did not influence embryonic development
(Sawosz et al., 2009; Studnicka et al., 2009) or pro-
duce any negative effects on embryonic survival,
growth, development, or morphology of chicken
embryos.

Some kind of safety valve is natural potential
for agglomeration of NPs. Aggregates can affect the
total surface area and change the chemical properties



188

Nanobiotechnology in reproduction

of NPs by increasing the total size. Aggregated, not
sonicated NPs, significantly decreased mortality of
fishes’ embryos compared with exposure to particles
that were just stirred (Laban et al., 2010).

Conclusions

Subfertility is becoming a matter of growing
concern, therefore, the use of dedicated systems to
deliver pharmaceutical products in targeted, non-in-
vasive treatment of chronic reproductive pathologies
instead of surgery can clearly optimize the chances
for conception in future. The treatment based on the
nanobiotechnological achievments is very promis-
ing in this discipline of medicine.

However, there are many factors that can dis-
rupt the biological activity of nanoparticles and all
of them have to be monitored during experiments
to provide consistent conditions. Unfortunately,
the available analytical methods are still unsuit-
able for study of the properties of nanostructures.
Indirect methods such as visualization of particles
bonded with fluorochromes are inadequate. The
potential biotoxicity of nanomaterials is strong-
ly dependent on their overall physicochemical
properties, their origin and method of prepara-
tion. Understanding the relationship between the
physical and chemical properties of nanostructures
and their conduct in vivo will provide a basis for
evaluating the response of organisms. Therefore,
a very individual approach to each nanosolution,
both in respect to the type of nanostructure, its
dose, as well as target organisms must be adopt-
ed. The controversial nature of this discipline re-
mains a matter of discussion. The delicate nature
of reproductive tissues and gametes elicit ethical
controversy surrounding experimental techniques
in reproductive medicine. Although consider-
able experimental data related to nanostructure
toxicity at the molecular, cellular and whole
organism levels have been published, the results
are often conflicting. In this young discipline there
is a lack of studies defining effects of nanoexposure
measured in years of postnatal life. Further inves-
tigations focusing more on the exact mechanism
behind the observed effects are urgently needed.

In every aspect of life, even in nanobiotechno-
logy, to balance pros and cons, the words of Paracel-
sus should be heeded: ‘Omnia sunt venena, nihil est
sine veneno. Sola dosis facit venenum.’

References

Ahn R.W., Barrett S.L., Raja M.R. et al., 2013. Nano-encapsulation
of arsenic trioxide enhances efficacy against murine lympho-
ma model while minimizing its impact on ovarian reserve in
vitro and in vivo. PloS One 8, 58491, doi: 10.1371/journal.
pone.0058491

Albanese A., Tang P.S., Chan W.C.W, 2012. The effect of nanoparti-
cle size, shape, and surface chemistry on biological systems.
Annu. Rev. Biomed. Eng. 14, 1-16

Ali H., Kilic G., Vincent K., Motamedi M., Rytting E., 2013. Nanomedi-
cine for uterine leiomyoma therapy. Ther. Deliv. 4, 161-175

Amin M., Anwar F., Janjua M.R.S.A., Igbal M.A., Rashid U., 2012.
Green synthesis of silver nanoparticles through reduction with
Solanum xanthocarpum L. berry extract: characterization, an-
timicrobial and urease inhibitory activities against Helicobac-
ter pylori. Int. J. Mol. Sci. 13, 9923-9941

Ashby M.F., Ferreira P.J., Schodek D.L. (Editors), 2009. Nanomate-
rials, Nanotechnologies and Design: An Introduction for En-
gineers and Architects. Elsevier, Butterworth-Heinemann.
Oxford (UK)

Ballarin-Gonzalez B., Howard K.A., 2012. Polycation-based nanopar-
ticle delivery of RNAI therapeutics: adverse effects and solu-
tions. Adv. Drug. Deliv. Rev. 64, 1717-1729

Bansod S., Bonde S., Tiwari V., Bawaskar M., Deshmukh S., Gaik-
wad S., Gade A., Rai M., 2013. Bioconjugation of gold and
silver nanoparticles synthesized by Fusarium oxysporum and
their use in rapid identification of Candida species by using
bioconjugate-nano-polymerase chain reaction. J. Biomed.
Nanotechnol. 9, 1962-1971

Barchanski A., Taylor U., Klein S., Petersen S., Rath D., Barcikowski
S., 2011. Golden perspective: application of laser-generated
gold nanoparticle conjugates in reproductive biology. Reprod.
Domest. Anim. 46, Suppl. 3, 42-52

Barkalina N., Charalambous C., Jones C., Coward K., 2014a. Nano-
technology in reproductive medicine: Emerging applications
of nanomaterials. Nanomed. Nanotechnol. Biol. Med. 10,
921-938

Barkalina N., Jones C., Kashir J., Coote S., Huang X., Morrison R.,
Townley H., Coward K., 2014b. Effects of mesoporous silica
nanoparticles upon the function of mammalian sperm in vitro.
Nanomed. Nanotechnol. Biol. Med. 10, 859-870

Bernstein D.I., Stanberry L.R., Sacks S. et al., 2003. Evaluations of
unformulated and formulated dendrimer-based microbicide
candidates in mouse and guinea pig models of genital herpes.
Antimicrob. Agents. Chemother. 47, 3784-3788

Bhabra G., Sood A,, Fisher B. et al., 2009. Nanoparticles can cause
DNA damage across a cellular barrier. Nature Nanotechnol.
4, 876-883

Binnig G., Quate C.F., Gerber C., 1986. Atomic force microscope.
Physiol. Rev. Lett. 56, 930-933

Binnig G., Rohrer H., 1982. Scanning tunneling microscopy. Helv.
Phys. Acta 55, 726-735

Browning L.M., Lee K.J., Huang T., Nallathamby P.D., Lowman J.E.,
Xu X.H., 2009. Random walk of single gold nanoparticles in
zebrafish embryos leading to stochastic toxic effects on em-
bryonic developments. Nanoscale 1, 138-152

Campos V.F., de Leon P.M.M., Komninou E.R., Dellagostin O.A., De-
schamps J.C., Seixas F.K., Collares T., 2011a. NanoSMGT:
transgene transmission into bovine embryos using halloysite
clay nanotubes or nanopolymer to improve transfection effi-
ciency. Theriogenology 76, 1552-1560



M.K. Zielinska-Gorska, K. Gorski

189

Campos V.F., Komninou E.R., Urtiaga G., de Leon P.M., Seixas F.K.,
Dellagostin O.A., Deschamps J.C., Collares T., 2011b. Na-
noSMGT: transfection of exogenous DNA on sex-sorted
bovine sperm using nanopolymer. Theriogenology 75, 1476—
1481

Canovas S., Gutierrez-Adan A., Gadea J., 2010. Effect of exogenous
DNA on bovine sperm functionality using the sperm medi-
ated gene transfer (SMGT) technique. Mol. Reprod. Dev. 77,
687-698

Cao G., Wang Y. (Editors), 2011. Nanostructures and Nanomaterials:
Synthesis, Properties, and Applications. 2 Edition. World
Scientific Publishing Co. Pte Ltd. Singapore, pp. 581

Celardo 1., Pedersen J.Z., Traversa E., Ghibelli L., 2011. Pharmaco-
logical potential of cerium oxide nanoparticles. Nanoscale 3,
1411-1420

Chattopadhyay PK., Perfetto S.P., Yu J., Roederer M., 2010. The use
of quantum dot nanocrystals in multicolor flow cytometry. Wi-
ley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2, 334-348

Das S., Singh S., Dowding J.M. et al., 2012. The induction of angio-
genesis by cerium oxide nanoparticles through the modula-
tion of oxygen in intracellular environments. Biomaterials 33,
7746-7755

de OliveiraR., Zhao P, Li N., de Santa Maria L.C., Vergnaud J., Ruiz
J., Astruc D., Barratt G., 2013. Synthesis and in vitro studies
of gold nanoparticles loaded with docetaxel. Int. J. Pharm.
454, 703-711

Diaz M.R., Vivas-Mejia P.E., 2013. Nanoparticles as drug delivery
systems in cancer medicine: emphasis on RNAi-containing
nanoliposomes. Pharmaceuticals 6, 1361-1380

Dragovic R.A., Gardiner C., Brooks A.S. et al., 2011. Sizing and phe-
notyping of cellular vesicles using Nanoparticle Tracking
Analysis. Nanomedicine 7, 780-788

Dziendzikowska K., Gromadzka-Ostrowska J., Lankoff A. et al.,
2012. Time-dependent biodistribution and excretion of sil-
ver nanoparticles in male Wistar rats. J. Appl. Toxicol. 32,
920-928

Emerich D.F., 2005. Nanomedicine - prospective therapeutic and diag-
nostic applications. Expert. Opin. Biol. Ther. 5, 1-5

Fairley S.J., Singh S.R., Yilma A.N., Waffo A.B., Subbarayan P., Dixit
S., Taha M.A., Cambridge C.D., Dennis V.A., 2013. Chla-
mydia trachomatis recombinant MOMP encapsulated in
PLGA nanoparticles triggers primarily T helper 1 cellular and
antibody immune responses in mice: a desirable candidate
nanovaccine. Int. J. Nanomed. 8, 2085-2099

Faraji A.H., Wipf P., 2009. Nanoparticles in cellular drug delivery. Bio-
organic. Med. Chem. 17, 2950-2962

Feugang J.M., Youngblood R.C., Greene J.M., Fahad A.S., Monroe
W.A., Willard S.T., Ryan P.L., 2012. Application of quantum
dot nanoparticles for potential non-invasive bio-imaging
of mammalian spermatozoa. J. Nanobiotechnol. 10, 45,
doi:10.1186/1477-3155-10-45

Feynman R.P., 1960. There’s plenty of room at the bottom. Eng. Sci.
23, 22-36

Fire A, Xu S., Montgomery M.K., Kostas S.A., Driver S.E., Mello
C.C., 1998. Potent and specific genetic interference by dou-
ble-stranded RNA in Caenorhabditis elegans. Nature 391,
806-811

Foye O.T., Uni Z., McMurtry J.P., Ferket P.R., 2006. The effects of am-
niotic nutrient administration,“/n ovo Feeding” of arginine and/
or R-hydroxy-R-methyl butyrate (HMB) on insulin-like growth
factors, energy metabolism and growth in Turkey poults. Int.
J. Poultry Sci. 5, 309-317

Fragouli E., Wells D., 2012. Aneuploidy screening for embryo
selection. Semin. Reprod. Med. 30, 289-301

Fynewever T.L., Agcaoili E.S., Jacobson J.D., Patton W.C., Chan P.J.,
2007. In vitro tagging of embryos with nanoparticles. J. Assist.
Reprod. Genet. 24, 61-65

Gao G, Ze Y., Li B. et al., 2012. Ovarian dysfunction and gene-ex-
pressed characteristics of female mice caused by long-term
exposure to titanium dioxide nanoparticles. J. Hazard. Mater.
243,19-27

Gao G, Ze Y., Zhao X. et al., 2013. Titanium dioxide nanoparticle-in-
duced testicular damage, spermatogenesis suppression, and
gene expression alterations in male mice. J. Hazard. Mater.
258-259, 133-143

Gao X,, Yin S., Tang M., 2011. Effects of developmental exposure to
TiO, nanoparticles on synaptic plasticity in hippocampal den-
tate gyrus area: an in vivo study in anesthetized rats. Biol.
Trace Elem. Res. 143, 1616-1628

Garcia T.X., Costa G.M., Franga L.R., Hofmann M.C., 2014. Sub-
acute intravenous administration of silver nanoparticles in
male mice alters Leydig cell function and testosterone levels.
Reprod. Toxicol. 45, 59-70

Gercel-Taylor C., Atay S., Tullis R.H., Kesimer M., Taylor D.D., 2012.
Nanoparticle analysis of circulating cell-derived vesicles in
ovarian cancer patients. Anal. Biochem. 428, 44-53

Ghosh P., Han G., De M., Kim C.K., Rotello V.M., 2008. Gold nanopar-
ticles in delivery applications. Adv. Drug Deliv. Rev. 60,
1307-1315

Grodzik M., Sawosz F., Sawosz E., Hotowy A., Wierzbicki M., Kut-
win M., Jaworski S., Chwalibog A., 2013. Nano-nutrition of
chicken embryos. The effect of in ovo administration of dia-
mond nanoparticles and L-glutamine on molecular responses
in chicken embryo pectoral muscles. Int. J. Mol. Sci. 14,
23033-23044

Gusi¢ N., Ivkovi¢ A., VaFaye J., Vukasovi¢ A., Ivkovi¢ J., Hudetz D.,
Jankovi¢ S., 2014. Nanobiotechnology and bone regenera-
tion: a mini-review. Int. Orthop. 38, 1877-1884

Hariharan S., Bhardwaj V., Bala I., Sitterberg J., Bakowsky U., Ravi
Kumar M.N.V., 2006. Design of estradiol loaded PLGA
nanoparticulate formulations: a potential oral delivery system
for hormone therapy. Pharmaceut. Res. 23, 184-195

Herman A., Herman A.P., 2014. Nanoparticles as antimicrobial agents:
their toxicity and mechanisms of action. J. Nanosci. Nano-
technol. 14, 946-957

Hou J., Wan X.Y., Wang F., Xu G.F,, Liu Z., Zhang T.B., 2009. Effects
of titanium dioxide nanoparticles on development and
maturation of rat preantral follicle in vitro (in Chinease). Acad.
J. Second Mil. Med. Univ. 29, 869-873

Hougaard K.S., Jackson P., Jensen K.A. et al., 2010. Effects of pre-
natal exposure to surface-coated nanosized titanium diox-
ide (UV-Titan). A study in mice. Part. Fibre Toxicol. 7, 16,
doi:10.1186/1743-8977-7-16

Jiang J., Oberddrster G., Biswas P., 2009. Characterization of size,
surface charge, and agglomeration state of nanoparticle
dispersions for toxicological studies. J. Nanopart. Res. 11,
77-89

Kaitu'u-Lino T.J., Pattison S., Ye L. et al., 2013. Targeted nanoparticle

delivery of doxorubicin into placental tissues to treat ectopic
pregnancies. Endocrinology 154, 911-919

Kale R.D., Chet Ram Meena, 2012. Synthesis of titanium dioxide
nanoparticles and application on nylon fabric using layer by
layer technique for antimicrobial property. Adv. Appl. Sci. Res.
3, 3073-3080



190

Nanobiotechnology in reproduction

Kamphuis E.I., Bhattacharya S., van der Veen F., Mol B.W.J., Temple-
ton A., 2014. Are we overusing IVF?. BMJ 348, g 252, doi:
10.1136/bmj.g252

Kim T.S., Lee S.H., Gang G.T., Lee Y.S., Kim S.U., Koo D.B., Shin
M.Y., Park C.K., Lee DS., 2010. Exogenous DNA uptake of
boar spermatozoa by a magnetic nanoparticle vector system.
Reprod. Domest. Anim. 45, €201-€206

Kohli V., Elezzabi A.Y., 2009. Prospects and developments in cell and
embryo laser nanosurgery. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 1, 11-25

Koopmans R.J., Aggeli A., 2010. Nanobiotechnology—quo vadis?
Curr. Opin. Microbiol. 13, 327-334

Kulvietis V., Zalgeviciene V., Didziapetriene J., Rotomskis R., 2011.
Transport of nanoparticles through the placental barrier. To-
hoku J. Exp. Med. 225, 225-234

Kurantowicz N., Sawosz E., Jaworski S. et al., 2015. Interaction of
graphene family materials with Listeria cytogenes and Sal-
monella enterica. Nanoscale Res. Lett. 10, 23, doi:10.1186/
s11671-015-0749-y

Laban G., Nies L.F., Turco R.F., Bickham J.W., Sepulveda M.S., 2010.
The effects of silver nanoparticles on fathead minnow (Pime-
phales promelas) embryos. Ecotoxicology 19, 185-195

Le Broc-Ryckewaert D., Carpentier R., Lipka E., Daher S., Vaccher
C., Betbeder D., Furman C., 2013. Development of innova-
tive paclitaxel-loaded small PLGA nanoparticles: Study of
their antiproliferative activity and their molecular interactions
on prostatic cancer cells. Int. J. Pharm. 454, 712-719

Lee H.J., Lee H.J,, Lee J.M,, Chang Y., Woo S.T., 2012. Ultrasmall
superparamagnetic iron oxides enhanced MR imaging in rats
with experimentally induced endometriosis. Magn. Reson.
Imaging 30, 860-868

Lee K.J., An J.H., Chun J.R,, Chung K.H., Park W.Y., Shin J.S., Kim
D.H., Bahk Y.Y., 2013. In vitro analysis of the anti-cancer

activity of mitoxantrone loaded on magnetic nanoparticles.
J. Biomed. Nanotechnol. 9, 1071-1075

Lemmen J.G., Agerholm I, Ziebe S., 2008. Kinetic markers of human
embryo quality using time-lapse recordings of IVF/ICSI-fertil-
ized oocytes. Reprod. Biomed. Online 17, 385-391

Levine J., Canada A., Stern C.J., 2010. Fertility preservation in ado-
lescents and young adults with cancer. J. Clin. Oncol. 28,
4831-4841

Li PW., Kuo T.H., Chang J.H., Yeh J.M., Chan W.H., 2010. Induction
of cytotoxicity and apoptosis in mouse blastocysts by silver
nanoparticles. Toxicol. Lett. 197, 82-87

Liu C., Zhang N., 2011. Nanoparticles in gene therapy principles,
prospects, and challenges. Prog. Mol. Biol. Transl. Sci. 104,
509-562

Mathias F.T., Romano R.M., Kizys M.M., Kasamatsu T., Giannocco G.,
Chiamolera M.I., Dias-da-Silva M.R., Romano M.A., 2015.
Daily exposure to silver nanoparticles during prepubertal de-
velopment decreases adult sperm and reproductive param-
eters. Nanotoxicology 9, 64-70

Meng H., Xing G., Sun B. et al., 2010. Potent angiogenesis inhibition
by the particulate form of fullerene derivatives. ACS Nano 4,
2773-2783

Menjoge A.R., Navath R.S., Asad A., Kannan S., Kim C.J., Romero
R., Kannan R.M., 2010. Transport and biodistribution of
dendrimers across human fetal membranes: implications for
intravaginal administration of dendrimer-drug conjugates.
Biomaterials 31, 5007-5021

Mishra M.K., Gérard H.C., Whittum-Hudson J.A., Hudson A.P., Kan-
nan R.M., 2012. Dendrimer-enabled modulation of gene

expression in Chlamydia trachomatis. Mol. Pharmaceut. 9,
413-421

Mohammadi Fartkhooni F., Noori A., Momayez M., Sadeghi L., Shi-
rani K., Yousefi Babadi V., 2013. The effects of nano titanium
dioxide (TiO,) in spermatogenesis in wistar rat. Eur. J. Exp.
Biol. 3 (4), 145-149

Moretti E., Terzuoli G., Renieri T., lacoponi F., Castellini C., Giordano
C., Collodel G., 2013. In vitro effect of gold and silver nanopar-
ticles on human spermatozoa. Andrologia 45, 392-396

Mroczek-Sosnowska N., Sawosz E., Vadalasetty K.P., tukasiewicz M.,
Niemiec J., Wierzbicki M., Kutwin M., Jaworski S., Chwalibog
A., 2015. Nanoparticles of copper stimulate angiogenesis at
systemic and molecular level. Int. J. Mol. Sci. 16, 4838-4849

Muthu M.S., Leong D.T., Mei L., Feng S.S., 2014. Nanotheranostics
- application and further development of nanomedicine strate-
gies for advanced theranostics. Theranostics 4, 660-677

Myllynen PK., Loughran M.J., Howard C.V., Sormunen R., WalshA.A.,
Vahakangas K.H., 2008. Kinetics of gold nanoparticles in the
human placenta. Reprod. Toxicol. 26, 130-137

Niemeyer C.M., Mirkin C.A. (Editors), 2004. Nanobiotechnology: Con-
cepts, Applications and Perspectives. Wiley-VCH. Weinheim
(Germany)

Padmavathy N., Vijayaraghavan R., 2008. Enhanced bioactivity of
Zn0O nanoparticles-an antimicrobial study. Sci. Technol. Adv.
Mat. 9, 035004, doi:10.1088/1468-6996/9/3/035004

Parab H.J., Chen H.M,, Lai T.-C., Huang J.H., Chen PH., Liu R.S., Hsiao
M., Chen Ch.-H., Tsai D.-P,, Hwu Y.-K., 2009. Biosensing,
cytotoxicity, and cellular uptake studies of surface-modified
gold nanorods. J. Phys. Chem. C 113, 7574-7578

Parrington J., Coward K., Gadea J., 2011. Sperm and testis mediated
DNA transfer as a means of gene therapy. Syst. Biol. Reprod.
Med. 57, 35-42

Petros R.A., DeSimone J.M., 2010. Strategies in the design of
nanoparticles for therapeutic applications. Nat. Rev. Drug
Discov. 9, 615-627

Pinborg A., Wennerholm U.B., Romundstad L.B., Loft A., Aittomaki
K., Séderstrdm-Anttila V., Nygren K.G., Hazekamp J., Bergh
C., 2013. Why do singletons conceived after assisted repro-
duction technology have adverse perinatal outcome? Sys-
tematic review and meta-analysis. Hum. Reprod. Update 19,
87-104

Pokropivny V.V., Skorokhod V.V., 2007. Classification of nanostructures
by dimensionality and concept of surface forms engineering in
nanomaterial science. Mater. Sci. Eng. C 27, 990-993

Powers C.M., Slotkin T.A., Seidler F.J., Badireddy A.R., Padilla S.,
2011. Silver nanoparticles alter zebrafish development and
larval behavior: Distinct roles for particle size, coating and
composition. Neurotoxicol. Teratol. 33, 708-714

Praetner M., Rehberg M., Bihari P. et al., 2010. The contribution of
the capillary endothelium to blood clearance and tissue de-
position of anionic quantum dots in vivo. Biomaterials 31,
6692-6700

Pyrpassopoulos S., Niarchos D., Nounesis G., Boukos N., Zafi-
ropoulou |., Tzitzios V., 2007. Synthesis and self-organi-
zation of Au nanoparticles. Nanotechnology 18, 485604,
doi: 10.1088/0957-4484/18/48/485604

Rajeshkumar S., Kannan C., Annadurai G., 2012. Green synthesis
of silver nanoparticles using marine brown algae Turbinaria
conoides and its antibacterial activity. Int. J. Pharm. Bio Sci.
3, 502-510

Rath D., Barcikowski S., de Graaf S. et al., 2013. Sex selection of
sperm in farm animals: status report and developmental pros-
pects. Reproduction 145, R15-R30

Sawosz E., Grodzik M., Zielinska M., Niemiec T., Olszanska B.,
Chwalibog A., 2009. Nanoparticles of silver do not affect
growth, development and DNA oxidative damage in chicken
embryos. Arch. Gefligelk. 73, 208-213



M.K. Zielinska-Gorska, K. Gorski

191

Sawosz F., Pineda L., Hotowy A., Jaworski S., Prasek M., Sawosz
E., Chwalibog A., 2013. Nano-nutrition of chicken embryos.
The effect of silver nanoparticles and ATP on expression of
chosen genes involved in myogenesis. Arch. Anim. Nutr. 67,
347-355

Schleich N., Po C., Jacobs D., Ucakar B., Gallez B., Danhier F., Préat
V., 2014. Comparison of active, passive and magnetic tar-
geting to tumors of multifunctional paclitaxel/SPIO-loaded
nanoparticles for tumor imaging and therapy. J. Control. Re-
lease 194, 82-91

Shimizu M., Tainaka H., Oba T., Mizuo K., Umezawa M., Takeda K.,
2009. Maternal exposure to nanoparticulate titanium dioxide
during the prenatal period alters gene expression related to
brain development in the mouse. Part. Fibre Toxicol. 6, 20,
doi:10.1186/1743-8977-6-20

Sikorska J., Szmidt M., Sawosz E., Niemiec T., Grodzik M., Chwalibog
A., 2010. Can silver nanoparticles affect the mineral con-
tent, structure and mechanical properties of chicken embryo
bones?. J. Anim. Feed Sci. 19, 286-291

Silva L.P.,, 2014. Potential practical implications of nanotechnology
in animal reproductive biotechnologies. Anim. Reprod. 11,
278-280

Singh R., Verma R., Kaushik A., Sumana G., Sood S., Gupta RK,,
Malhotra B.D., 2011. Chitosan-iron oxide nano-composite
platform for mismatch-discriminating DNA hybridization for
Neisseria gonorrhoeae detection causing sexually transmit-
ted disease. Biosens. Bioelectron. 26, 2967-2974

Sleiman H.K., Romano R.M., de Oliveira C.A., Romano M.A., 2013.
Effects of prepubertal exposure to silver nanoparticles on re-
productive parameters in adult male Wistar rats. J. Toxicol.
Environ. Health Pt. A76, 1023-1032

Sondi I., Salopek-Sondi B., 2004. Silver nanoparticles as antimicrobial
agent: a case study on E. coli as a model for Gram-negative
bacteria. J. Colloid Interface Sci. 275, 177-182

Spadafora C., 2007. Sperm-mediated gene transfer: mechanisms and
implications. In: Proceedings of the 10" International Sympo-
sium on Spermatology, Madrid (Spain), pp. 459-467

Studnicka A., Sawosz E., Grodzik M., Chwalibog A., Balcerak M.,
2009. Influence of nanoparticles of silver/palladium alloy on
chicken embryos’ development. Ann. Warsaw Agricult. Univ.
-SGGW Anim. Sci. 46, 237-242

Sultana S., Khan M.R., Kumar M., Kumar S., Ali M., 2013. Nanoparti-
cles-mediated drug delivery approaches for cancer targeting:
areview. J. Drug Target. 21, 107-125

Sunkar S., Nachiyar C.V., 2012. Biogenesis of antibacterial silver
nanoparticles using the endophytic bacterium Bacillus cereus
isolated from Garcinia xanthochymus. Asian Pac. J. Trop.
Biomed. 2, 953-959

Takahashi Y., Mizuo K., Shinkai Y., Oshio S., Takeda K., 2010. Pre-
natal exposure to titanium dioxide nanoparticles increases
dopamine levels in the prefrontal cortex and neostriatum of
mice. J. Toxicol. Sci. 35, 749-756

Takeda K., Suzuki K.I., Ishi T., Isihara A. et al., 2009. Nanoparticles
transferred from pregnant mice to their offspring can dam-
age the genital and cranial nerve systems. J. Health Sci. 55,
95-102

Tang J., XuZ., Zhou L., Qin H., Wang Y., Wang H., 2010. Rapid and si-
multaneous detection of Ureaplasma parvum and Chlamydia
trachomatis antibodies based on visual protein microarray us-
ing gold nanoparticles and silver enhancement. Diagn. Micr.
Infec. Dis. 67, 122-128

Taniguchi N., 1974. On the basic concept of nanotechnology. In:
Proceedings of the International Conference on Production
Engineering, Part II. Tokyo. Japan Society of Precision Engi-
neering, pp. 18-23

Tassinari R., Cubadda F., Moracci G. et al., 2014. Oral, short-term ex-
posure to titanium dioxide nanoparticles in Sprague-Dawley
rat: focus on reproductive and endocrine systems and spleen.
Nanotoxicology 8, 654-662

Taylor U., Barchanski A., Garrels W., Klein S., Kues W., Barcikowski
S., Rath D., 2012. Toxicity of gold nanoparticles on somatic
and reproductive cells. In: E. Zahavy, A. Ordentlich, S. Yitzna-
ki, A. Shafferman (Editors). Nano-Biotechnology for Biomedi-
cal and Diagnostic Research. Springer. Berlin (Germany), pp.
125-133

Thakor A.S., Gambhir S.S., 2013. Nanooncology: the future of cancer
diagnosis and therapy. CA Cancer J. Clin. 63, 395-418

Thakur M., Gupta H., Singh D., Mohanty |.R., Maheswari U., Vanage
G., Joshi D.S., 2014. Histopathological and ultra structural ef-
fects of nanoparticles on rat testis following 90 days (Chronic
study) of repeated oral administration. J. Nanobiotechnol. 12,
doi: 10.1186/s12951-014-0042-8

Tiedemann D., Taylor U., Rehbock C., Jakobi J., Klein S., Kues W.A.,
Barcikowski S., Rath D., 2014. Reprotoxicity of gold, silver,
and gold-silver alloy nanoparticles on mammalian gametes.
Analyst 139, 931-942

Tomoda K., Watanabe A., Suzuki K., Inagi T., Terada H., Makino K.,
2012. Enhanced transdermal permeability of estradiol using
combination of PLGA nanoparticles system and iontophore-
sis. Colloid. Surface B 97, 84-89

Toti U.S., Guru B.R., Hali M., McPharlin C.M., Wykes S.M., Panyam J.,
Whittum-Hudson J.A., 2011. Targeted delivery of antibiotics to
intracellular chlamydial infections using PLGA nanoparticles.
Biomaterials 32, 6606-6613

Wang A.Z., Langer R., Farokhzad O.C., 2012. Nanoparticle delivery of
cancer drugs. Annu. Rev. Med. 63, 185-198

Wierzbicki M., Sawosz E., Grodzik M., Prasek M., Jaworski S.,
Chwalibog A.,2013. Comparison of anti-angiogenic properties
of pristine carbon nanoparticles. Nanoscale Res. Lett. 8,
195, doi: 10.1186/1556-276X-8-195

Wyrick P.B., 2010. Chlamydia trachomatis persistence in vitro: an
overview. J. Infect. Dis. 201, Suppl. 2, S88-S95

Xie H., Kang Y.J., 2009. Role of copper in angiogenesis and its medici-
nal implications. Curr. Med. Chem. 16, 1304-1314

Xie J., Lee S., Chen X., 2010. Nanoparticle-based theranostic agents.
Advan. Drug. Deliv. Rev. 62, 1064-1079

Yamashita K., Yoshioka Y., Higashisaka K. et al., 2011. Silica and tita-
nium dioxide nanoparticles cause pregnancy complications in
mice. Nat. Nanotechnol. 6, 321-328

Yang P.T., Hoang L., Jia W.W., Skarsgard E.D., 2011. In utero gene
delivery using chitosan-DNA nanoparticles in mice. J. Surg.
Res. 171, 691-699

Yu MK., Park J., Jon S., 2012. Targeting strategies for multifunctional
nanoparticles in cancer imaging and therapy. Theranostics 2,
3-44

Yuan J., Duan R, Yang H., Luo X., Xi M., 2012. Detection of serum
human epididymis secretory protein 4 in patients with ovar-
ian cancer using a label-free biosensor based on localized
surface plasmon resonance. Int. J. Nanomed. 7, 2921-2928

Zakhidov S.T., Marshak T.L., Malolina E.A., Kulibin A.Y., Zelenina |.A.,
Pavluchenkova S.M., Rudoi V.M., Dement'eva O.V., Skuridin
S.G., Evdokimov Yu.M., 2010. Gold nanoparticles disturb
nuclear chromatin decondensation in mouse sperm in vitro.
Biochemistry (Moscow) Suppl. A: Membrane Cell Biol. 4,
293-296

ZhaoD., Zhao X, Zu Y., LiJ., Zhang Y., Jiang R. et al., 2010. Prepara-
tion, characterization, and in vitro targeted delivery of folate-
decorated paclitaxel-loaded bovine serum albumin nanopar-
ticles. Int. J. Nanomedicine 5, 669-677



192

Nanobiotechnology in reproduction

Zhou X., Li W., Fang L., Zhang D., Dai J., 2015. Hydroxyapatite
nanoparticles improved survival rate of vitrified porcine oo-
cytes and its mechanism. Cryoletters 36 ,45-50

Zielinska M., Sawosz E., Grodzik M., Balcerak M., Wierzbicki M.,
Skomial J., Sawosz F., Chwalibog A., 2012. Effect of taurine
and gold nanoparticles on the morphological and molecular
characteristics of muscle development during chicken em-
bryogenesis. Arch. Anim. Nutr. 66, 1-13

Zielinska M., Sawosz E., Grodzik M., Wierzbicki M., Gromadka M.,
Hotowy A., Sawosz F., Lozicki A., Chwalibog A., 2011. Effect
of heparan sulfate and gold nanoparticles on muscle develop-
ment during embryogenesis. Int. J. Nanomed. 6, 3163-3172



