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A growing body of research has confirmed that nanoparticle (NP) systems can enhance
delivery of therapeutic and imaging agents as well as prevent potentially damaging
systemic exposure to these agents by modifying the kinetics of their release. With a
wide choice of NP materials possessing different properties and surface modification
options with unique targeting agents, bespoke nanosystems have been developed for
applications varying from cancer therapeutics and genetic modification to cell imaging.
Although there remain many challenges for the clinical application of nanoparticles,
including toxicity within the reproductive system, some of these may be overcome
with the recent development of biodegradable nanoparticles that offer increased
biocompatibility. In recognition of this potential, this review seeks to present recent
NP research with a focus on the exciting possibilities posed by the application of
biocompatible nanomaterials within the fields of male reproductive medicine, health,
and research.
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INTRODUCTION

The last four decades have witnessed the development of a range of nanopharmaceuticals designed
for the targeted, efficacious delivery of bioavailable drugs (Masood, 2016; Liu et al., 2018; Liu and
Su, 2019; Li et al., 2020). The general strategy has been to encapsulate the payload (reagent, drug
combination, or imaging agent) within a dendrimer, liposome, micelle, nanocrystal, or polymer
based nanoparticle (NP). An important advantage afforded by nanopharmaceuticals is an attendant
increase in the payload therapeutic index, whereby systemic cytotoxicity and off-target effects
associated with the free drug are reduced (Bennet and Kim, 2014). Emerging evidence suggests that
nanomaterial-based reagents may hold promise in a range of clinical and laboratory-based settings,
including those relevant to reproductive health.

The reproductive system functions to arouse sexual interest, produce healthy gametes, facilitate
fertilization of the egg, and to provide a nurturing environment for the resultant embryo until the
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time of parturition. The sophistication and complexity of this
system increases its vulnerability to various forms of pathology,
which commonly manifest in sub- / in- fertility phenotypes.
Indeed, infertility afflicts an estimated 9% of the human
population of reproductive age (Punab et al., 2017), representing
over 50 million couples globally (Inhorn and Patrizio, 2015).
The reproductive system therefore provides many avenues for
the therapeutic application of NPs. Indeed, NPs have the
potential to be used to target reproductive cells with greater
specificity, efficacy and, depending on the cargo, reduced off-
target cytotoxicity than conventional reagents. In recognition of
this potential, this review considers the advantageous properties,
as well as the limitations, of some of the NPs deemed most
appropriate for application in the reproductive setting. This
review seeks to give an overview of those most commonly used
nanoparticles that are biodegradable and biocompatible as well
as providing the current state of research in this emerging field.

CHALLENGES OF TARGETING THE
MALE REPRODUCTIVE SYSTEM

The in vitro study of male gametes is complicated by their relative
short lifespan ex vivo and the fact that they are highly sensitive to
environmental exposures as diverse as excursions in temperature
and pH as well as to a plethora of xenobiotic compounds (Aitken,
2018; Aitken and Drevet, 2020). In vivo, the highly specialized
physiology of the mammalian reproductive system, particularly
the male reproductive system, provides several unique challenges
to the design and implementation of drug delivery strategies.
In vivo challenges include the particular sensitivity of germ
cells and gametes to xenobiotic-induced DNA damage and
lipid peroxidation (Aitken, 2020). Additionally, the blood-testis
barrier impedes the delivery of therapeutics to the germ cells
(Evans and Ganjam, 2011).

The Fundamental Process of
Spermatogenesis

The human male reproductive system (Figure 1A) includes the
paired testes (the site of spermatogenesis and steroidogenesis,
see below) located in the scrotum and an excurrent duct
system, comprising the paired efferent ductules, epididymides,
vas deferens and the urethra into which they drain (Figures
1A,B). The urethra runs through the penis through which mature
sperm and secretions contributed by the accessory sex glands of
the ampullae, seminal vesicles, prostate and bulbourethral glands,
travel on ejaculation (Evans and Ganjam, 2011).

The testes (Figure 1B) are broadly divided into two
compartments, each of which performs discrete functions; the
production of spermatozoa in the seminiferous tubules and the
synthesis of steroids in the cells of the surrounding interstitium.
The seminiferous tubules support the production of male germ
cells through the process of spermatogenesis before discharging
morphologically mature sperm cells into the rete testes in
preparation for their passage through the excurrent ducts of
the male reproductive tract (Hermo et al., 2010). As the vehicle
for the transmission of genetic information to the progeny,

developing waves of germ cells feature prominently throughout
the seminiferous tubules, and are nursed through this process
by Sertoli cells (SCs), which constitute the epithelial lining that
delineates the seminiferous tubules (Figure 1C). In adulthood,
SCs are a mitotically inactive cell population that provides the
essential nourishment to guide the survival and morphological
remodeling of the developing germline. Additionally, SCs fulfill
critical roles in the maintenance of Leydig cells (LC), a highly
specialized population of androgen producing cells that reside
within the interstitial space, as well as supporting peritubular
myoid function in the adult testes and regulating gonadotrophin,
particularly follicle stimulating hormone (FSH), output by the
brain (Rebourcet et al., 2014).

Along with their support of spermatogenesis, SCs also form
networks of tight junctions with adjacent SCs to create a
physical barrier known as the blood-testis barrier (BTB), which
separates the seminiferous tubules into basal and adluminal
compartments. Sertoli cells secrete a number of cytokines, growth
factors and immunoregulatory molecules thus protecting the
haploid germ cells from the immune system (Stanton, 2016).
By establishing a local state of immune tolerance (Chen Q.
et al., 2016), the BTB confers immune privilege to the testis.
The presence of the BTB has significantly hampered delivery
of drugs, such as non-hormonal contraceptive agents, to the
adluminal cells (Chen H. et al., 2016). However, certain classes
of NP are able to penetrate the BTB and thus hold promise
for the delivery of imaging and therapeutic agents to the
testes. Indirect evidence that engineered NPs within intracellular
vesicles can cross physical barriers, such as the BTB, raises the
prospect that endocytotic/exocytotic machinery may contribute
to the translocation of larger NPs (Pietroiusti et al., 2013). For
instance, 70 nm amorphous silica nanoparticles have been shown
to cross the BTB without producing any apparent testicular
injury (Morishita et al., 2012). Since the testes are situated in
the scrotum, they afford relatively easy access for the direct
delivery of imaging agents and therapeutics. This principle may
allow magnetic NPs to be directly administered and localized
to their site of action via an externally applied magnetic field;
a strategy that has been speculated could be used to deliver
magnetic mesoporous silica NPs, which have been loaded with
F5-peptide (to disrupt the BTB) and adjudin (poorly water
soluble contraceptive agent), to the testes (Chen H. et al., 2016).

Along with LC (Figure 1C), the interstitial space between
the seminiferous tubules contains macrophages, blood and
lymphatic vessels and nerves (Kaur et al., 2013). Leydig cells
produce testosterone, which is essential for the maintenance
of spermatogenesis, masculinisation and male development.
Regulation of testicular function in adults is facilitated via the
negative feedback loop of the hypothalamus-pituitary-gonadal
(HPG) axis. This axis relies on the pituitary secretion of the
gonadotrophins, luteinizing hormone (LH) and FSH, which act
on LC and SCs expressing the corresponding receptors (LHr
and FSHr, respectively). This, along with the intimate crosstalk
between the cells of the testis (Sharpe et al., 1990), means that the
targeting of specific cells involved in spermatogenesis in the testis
may have wider implications. Effects may include dysregulation
of spermatogenic cycles as well as disruption of the regulation
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FIGURE 1 | (A) Overview of the tissues comprising the human male reproductive system. (B) Schematic diagram of a cross-section of the test is showing the coiled
seminiferous tubules and adjoining epididymis. (C) Sectional view of the cells comprising the seminiferous tubules and surrounding interstitium.

C Sectional View of Seminiferous Tubule

Seminiferous

Tubule Differentiating

Germ Cells

Peritubular

Myoid Cell \

eydig Cell

Junction
(Blood-Testis

Interstitial 74 -t
1
Space ®
Peritubular
Macrophage

Dendritic Cell

/\I‘\.’\

Macrophage

of the HPG-axis negative feedback loop and, consequently, the
maintenance of masculinisation and male development.

There are a number of cellular insults that are capable of
disrupting the redox status and thereby inducing germ cell
ablation within the testes. Pro-oxidants and sources of intrinsic
and extrinsic oxidative stress, such as autoimmune disease,
exposure to radiation (Hanoux et al., 2007), xenobiotics and other
cytotoxic agents, are capable of inducing germ cell depletion and
hence infertility (Aitken et al., 2003, 2004). The overproduction
of ROS overwhelms the body’s antioxidant defenses and results in
lipid peroxidation (Sanocka and Kurpisz, 2004; Aitken and Baker,
2006), a loss of DNA integrity (Aitken and Roman, 2008; Aitken
and Curry, 2011) and the modification of proteins, including
enzymes, that are essential to cell survival (Halliwell, 1991; Aitken
and Curry, 2011; O’Flaherty and Matsushita-Fournier, 2017).
Through this mechanism, ROS can have a profound impact
on the developing gametes, which are exquisitely sensitive to
oxidative stress (Hoyer et al., 2001; Hanoux et al., 2007; Devine
et al., 2012). The process of ROS production has been well
documented for a variety of xenobiotics, such as methoxychlor,
polycyclic aromatic hydrocarbons (Saradha and Mathur, 2006),
phthalates (Wang et al., 2012) as well as transition metals
(Halliwell, 1991), and chemotherapeutic agents (Li et al., 2015).
For example, rats exposed to the non-steroidal anti-inflammatory
drugs naproxen and meloxicam have been found to exhibit
decreased sperm counts and motility as well as significant damage

to the seminiferous tubules. These drugs affect the reproductive
system by inhibiting prostaglandin synthesis and by producing
oxidative stress as a secondary effect (Uzun et al, 2015). By
decreasing the effective dose, the use of nanoparticles to deliver
chemotherapeutic agents, specifically those that are also targeted
to particular cell types, means that the potential risk of exposure
to damaging xenobiotics can be decreased.

NANOTECHNOLOGY

The field of nanopharmaceuticals encompasses the development
and use of nanomaterials for therapeutic, diagnostic, and
theragnostic modalities. The physicochemical properties of
nanomaterials overcome some of the challenges and limitations
posed by more traditional therapeutic agents thus enhancing
their utility for drug delivery. Such properties include the
ultra-small size (usually below 200 nm in diameter Bawarski
et al, 2008) and large surface area to mass ratio of NPs
(Zhang et al., 2008). Drug delivery via NPs can also improve
the therapeutic value of various water-soluble and insoluble
therapeutic drugs. Additionally, encapsulation of normally
insoluble, lipophilic drugs means that the use of toxic
organic solvents can be avoided (Bawarski et al, 2008).
Nanoparticles encapsulate and protect the drug from the
biological environment, wherein the active component may be

Frontiers in Physiology | www.frontiersin.org

November 2021 | Volume 12 | Article 753686


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Fraser et al.

Nanomaterial Applications in Male Reproduction

subjected to dilution, catabolism, excretion, denaturation or
modification (Bennet and Kim, 2014). As an added benefit,
NPs can improve absorption into selected tissues (Peer et al.,
2007) and enhancement of intracellular penetration (Peer
et al., 2007; Kumari et al., 2010). Nanoparticles can be
tailored to suit the application in mind and are commonly
based on metalloid, metallic and/or organic components. With
considerations in design to include high specificity, cellular
uptake and intracellular release, as well as ensuring the NP is
configured to display biocompatibility and biodegradability and
is cost-effective.

There has been an exponential increase in the research and
development of nanotechnology over the last several years and,
as a reflection, there are currently numerous journals devoted
to this research field. Therefore, no single review can cover the
entire range of NPs currently being investigated. Fortunately,
many thorough reviews detailing the manufacture, properties,
applications, advantages, pharmacokinetics, and biosafety of
individual categories of NPs have already been published (Zhang
etal., 2014; Baek et al., 2015; Sercombe et al., 2015; Wolfram et al.,
2015; Ramot et al., 2016; Crucho and Barros, 2017; Manzano and
Vallet-Regi, 2019; Sabio et al., 2019; Mitchell et al., 2021). Thus,
we have elected to contextualize the implementation of NPs in
diagnostic, therapeutic and research applications, with reference
to the male reproductive system. In the following section, we
provide a brief overview of the major categories of NPs with an
emphasis on those spherical NPs within a size range of 10-200 nm
and that are thought to be most suitable for in vitro and in vivo
applications in reproductive biology since they are biodegradable,
exhibit low bioaccumulation, possess favorable renal clearance
properties, and have low toxicity (summarized in Figure 2).

Inorganic Nanoparticles
Metallic Nanoparticles
Metallic NPs have specific properties including magnetic (Fe, Ni,
Co) (Anderson et al., 2019; Stueber et al., 2021), antimicrobial
(Ag) (Liao et al,, 2019) and photothermal (Au) (Sasidharan and
Monteiro-Riviere, 2015) that have been harnessed for biomedical
applications. However, toxicity (Balasubramanian et al., 2010;
Meng et al., 2018), particularly reproductive toxicity (Bawarski
et al., 2008; Brohi et al., 2017; Ema et al., 2017; Habas et al,
2021; Vassal et al, 2021), and lack of biocompatibility and
biodegradability of metallic NPs means that most of this group of
nanoparticles fall outside the scope of this review. However, two
groups of metallic nanoparticles that hold considerable potential
for imaging applications are quantum dots and iron oxide
nanoparticles, which also has a wide diversity of applications.
Quantum dots (QDs) are semiconductor nanocrystals of ultra-
small hydrodynamic radius of <10 nm and are utilised for
imaging applications rather than drug delivery. QDs possess very
desirable qualities such as high yield and stable fluorescence, as
well as being amenable to surface modification with targeting
moieties. These attributes could make them invaluable in research
(Zhou et al., 2007) as well as diagnostic imaging. However,
unfortunately, metallic QDs are often composed of heavy metals
such as cadmium, lead and arsenic which may leak from the

QDs with toxic consequences such as oxidative stress as well as
morphological changes and dysfunction of the mitochondria (Liu
and Tang, 2020; Nguyen et al., 2020).

Arguably, the most promising of the biodegradable, metal
based, nanoparticles are the iron oxide NPs.Iron oxide NPs
(IONPs), which have been widely researched for drug delivery
and as platforms for magnetic resonance imaging (MRI) contrast
reagents. IONPs are biodegraded in vivo into iron ions (Ehlerding
et al, 2016), which in the context of a single dose, are
believed to exert negligible to no detrimental effects. The
extent of biodegradation and accumulation, however, depends
on the surface coating applied to the NP. For instance, plasma
stability of IONPs was notably improved by the application
of polyethylene glycol (PEG)- and heparin- coatings, while
PEGylation also substantially decreased plasma clearance due
to reduced distribution to the liver and spleen (Lin et al,
2015). The nature of the surface coating has also been found
to influence the cellular uptake of the IONPs with chemicals
such as polyethylenimine (PEI) and maghemite-rhodium citrate
(MRC) both enhancing uptake (Alalaiwe, 2019). To date,
and perhaps owing to the possibility of adverse effects from
bioaccumulation, these particles have only seen application
in clinical imaging procedures as opposed to drug delivery
applications. The superparamagnetic properties of SPIONs
mean that they are often utilised as MRI contrast reagents.
Accordingly, of the 14 current clinical trials using iron-
oxide based NPs, almost all are centered on the efficacy of
delivering MRI contrast reagents. This same property also makes
SPIONs useful for magnetic fluid hyperthermia treatment of
cancers where SPIONSs are applied either systemically or locally.
Under the influence of a sinusoidally alternating magnetic
field (AMF), the NPs generate heat, through a process called
induction, to above 42°C. The increase of temperature above
physiological levels results in apoptosis and cell ablation
within the targeted tissue (Dadfar et al, 2020) as well as
increasing tumour susceptibility to chemotherapy and radiation
(Chandrasekharan et al., 2020).

Silica Nanoparticles

Silica nanoparticles (SNPs) are composed of porous silica (Liu
et al., 2013) and can have a range of pore sizes, Figure 2.
However, mesoporous SNPs (MSNPs) have been most widely
studied because of their uniform pore size, which can range from
2 to 50 nm, and long-range ordered pore structure (Jafari et al.,
2019). Mesoporous SNPs have been found to provide tunable
porosity and size, large surface area, structural diversity, and
easily modifiable chemistry for functionalization and increased
biocompatibility (Liu et al., 2018).

Over the last 10 years, there have been a plethora of studies
exploring the use of MSNPs as delivery agents, particularly
for cancer chemotherapeutics see summaries in recent reviews
by Croissant et al. (2018), Jafari et al. (2019), Sabio et al.
(2019). Mesoporous SNPs have also been the focus of research
for bio-imaging and biosensing strategies (Jafari et al., 2019).
Although silica NPs have been found to have some cytotoxicity,
which is size- and surface charge- dependent, MSNPs exhibit
minimal toxicity at less than 2 mM (Sabio et al, 2019)
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FIGURE 2 | Schematic diagram of some of the more commonly studied nanoparticles highlighting their adaptability for drug encapsulation and surface modification.
In line with a spectrum of different applications, such nanoparticles have been formulated to encapsulate cargo as diverse as proteins, peptides, drugs and
nucleotides. Similarly, tailored surface coatings can include molecules such as PEG, which confers improved in vivo stability, as well as targeting agents such as
antibodies, peptides, proteins, and aptamers. The dimensions of the nanoparticles can also be varied through the application of different preparation techniques and
surface modifications; with the size range of 90 nm - 120 nm being optimal for facilitating particle uptake via cellular endocytotic pathways. Alternatively, small
lipophilic particles can enter the target cell via direct penetration of the membrane while those particles larger than 500 nm generally gain entry via phagocytosis.

and degrade in vivo to silicic acid, which is then excreted
via the kidneys (Ruoslahti, 2012). Accordingly, silica-based
nanostructures are considered to be safe (Jafari et al., 2019) and
ideal (Cha et al., 2017) for biomedical applications. Additionally,
haemolysis and toxicity of silica NPs can be considerably
reduced by surface modification, particularly via PEGylation
(Jafari et al., 2019).

Silica NPs have many advantages, including being inexpensive
to prepare as they can be synthesized from commercially
available, cost-effective materials (Croissant et al., 2018).
MSNPs are very robust and persist in the cell when compared
to the more organic based NPs. This property makes them
ideally suited for carrying imaging agents for cellular labeling
(Huang et al., 2005). Most relevantly for this review, Morishita
et al. (2012) found that 70 nm MSNPs were able to penetrate
the blood-testis barrier (BTB) and were found in Sertoli
and spermatogonial cells 24 h after administration with
no adverse effect on the testes. An additional advantage of
MSNPs over other nanosystems is that, because of their
porous nature, they have a much larger carrying capacity
and, depending on the pore size, can shelter large cargo
molecules such as proteins or DNA (Croissant et al., 2018).
Therefore, MSNPs can deliver more cargo per NP, so
minimizing the required dose and the exposure of sensitive
reproductive tissue and gametes to possible adverse reactions
(Barkalina et al., 2014D).

Organic Nanoparticles

Synthetic organic nanoparticles and exosomes, which are
natural nanoparticles, are discussed below. Polymeric,
liposomal and carbon nanoparticles are all examples of
synthetic organic nanoparticle. However, we have not included
carbon nanoparticles in this overview as carbon nanoparticles,
particularly carbon nanotubes, have exhibited bioaccumulation,
toxicity and lack biodegradability (Xie et al., 2017; Mohanta et al.,
2019; Prajapati et al., 2020).

Liposomal Nanoparticles

Liposomal NPs are self-assembling spherical vesicles composed
of mixtures of amphiphilic phospholipids and cholesterol
arranged in a bilayer surrounding an aqueous core. These
vesicles can encapsulate drugs with widely varying lipophilicity
as the drug can either be associated with the bilayer or
within the entrapped aqueous space. However, liposomes have
suffered from one major obstacle for their use as a drug
delivery vehicle, that of their rapid removal from circulation,
largely through the scavenger function of the RES (Woodle
and Lasic, 1992). This sequestration in the RES often leads
to accumulation and degradation, along with cellular toxicity
and consequent impairment of their activity. Additionally, lipid
exchange, particularly with high-density lipoproteins (HDL) in
the bloodstream, leads to liposome disintegration (Woodle and
Lasic, 1992). Liposomes are limited by this lack of stability,
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FIGURE 3 | Schematic diagram of some of the more commonly studied nanoparticles highlighting a selection of their properties, possible applications, payloads and

along with poor batch-to-batch reproducibility, difficulties
in sterilization and, sometimes, low encapsulation efficiency
(Woodle and Lasic, 1992; Bawarski et al., 2008). However,
covalent attachment of water-soluble polymers, such as PEG,
decreases liposome immunogenicity and reduces uptake by
the RES and effectively increases liposome in vivo half-life
(Allen et al.,, 1991) from 2 h for non-PEGylated NPs compared
to between 15 and 24 h for their PEGylated counterparts
(Koo et al., 2005).

Since Gregoriadis and Ryman (1971) first proposed their
use as enzymes or drug carriers, research on the formulation
of liposomal NPs continues to improve and expand. In fact,
a review of current clinical trials, identifies 403 new liposomal
nanomedicines in Phase I to Phase IV trials. However, almost all
of the newly developed nanomedicines, including those with a

liposomal base, have some polymeric component. Amphiphilic
block copolymers provide a means to overcome the limitations
of liposomes, such as membrane instability and drug retention
(Oltra et al., 2014). This then leads us to explore the basis of
the next generation of nanomedicines based on formulations
of polymeric NPs.

Polymeric Nanoparticles

Polymeric nanoparticles (PNPs) constitute a large proportion of
the NP formulations that have been approved by the U.S. Federal
Drug Administration (FDA) and are currently being marketed
(Bobo et al., 2016). Polymeric nanoparticles have been used to
encapsulate both hydrophobic and hydrophilic reagents, thus
protecting labile therapeutic agents from degradation, and can
be used for all parenteral applications (Bawarski et al., 2008).
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Polymeric nanoparticles have the potential to provide highly
specific delivery of the encapsulated drug in a controlled manner
as they are tunable for temporal and corporeal control of drug
release and can also be engineered to exhibit a finely controlled
release rate (Colson and Grinstaff, 2012).

Combined, the stability, responsiveness, tunability, facility
for specific functionality via surface modification, along with
biocompatibility and FDA approval status afforded to NPs
composed of the amphiphilic block copolymers, poly(lactic acid)
(PLA) or poly(lactic-co-glycolic acid) (PLGA), has identified
this class of NP as the focus for intense scientific and clinical
interest (Kumari et al., 2010; Colson and Grinstaff, 2012). As
with liposomes and other NPs, PEGylation of the surface of the
PNPs can increase their time spent in circulation (Lakkireddy
and Bazile, 2016). The very comprehensive recent review on
PLGA and PLA based PNPs by Lakkireddy and Bazile (2016)
lists over 50 published studies detailing the in vitro and in vivo
performance of PNPs as drug delivery agents. Furthermore,
there are currently six polymeric pharmaceutical products in
Phase I, II, and III clinical trials (listed as being not recruiting,
recruiting and completed).

Even so, whilst efforts to increase circulation time by
modifying the surface of NPs has been reasonably successful,
a large proportion of NPs are cleared before they reach their
target site. As a consequence, recent research has investigated
the efficacy of hybridizing NPs with biological components
as a means with which to increase the “stealthiness” of NPs
in vivo. One of these components, the cell-surface “do-not-eat-
me” protein, CD47, binds to and signals phagocytes that the
cell is “self” thereby inhibiting phagocytosis. Rodriguez et al.
(2013) synthesized a 21-amino acid peptide that was based on
the binding site of CD47 and, when attached to the surface
of NPs, found that this peptide significantly delayed clearance
when compared to control NPs formulated with a scrambled
peptide. Additionally, Hu and fellow researchers assembled
a hybrid NP by harvesting vesicles derived from erythrocyte
membranes and extruding these around a PLGA core. In doing
so, they found that the erythrocyte-membrane-coated PLGA NPs
exhibited significantly retarded in vivo clearance compared to
that of PEGylated PLGA NPs (Hu et al., 2011). Such findings may
indicate that biological hybrid NPs or modified cellular derived
vesicles, such as exosomes (described below), may be an attractive
alternative to synthetic NPs.

Exosomes

Exosomes are nanosized extracellular vesicles (EVs) of
endosomal origin formed by the fusion of multivesicular
bodies with the plasma membrane (Skotland et al.,, 2017) and
are released by many different cell types in response to both
physiological and pathophysiological conditions (van Niel et al.,
2018; Zhang et al., 2019). Exosomes can range from 20 nm up
to 150 nm, though commonly, research has focussed on those in
the range of 30-100 nm (Barile and Vassalli, 2017). Exosomes act
as biological information nanocarriers whose cargo of proteins,
lipids and nucleic acids, exert an effect on recipient cells to
maintain homeostasis as well as having a role in pathology
(Kim et al., 2017; Zhang et al., 2019). Exosomes may be either

harvested by ultracentrifugation from cells grown in culture,
such as pluripotent stem cells, dermal fibroblasts, embryonic
stem cells, and mesenchymal stem cells (MSCs) (Das et al., 2019),
or directly from the patient’s body fluids, before being suitably
modified and returned to the patient.

Exosomes possess a “homing” ability that facilities the
targeting of particular recipient cell type(s). Together, their size
and endowment with surface “self” proteins enable exosomes
to evade recognition and removal by the immune system and
bestows excellent biocompatibility (Wu et al., 2016). Exosomes
therefore have great potential to be used as extracellular vesicle
mimetics for application in theragnostics, drug delivery and
vaccines (Kim et al.,, 2017). They may carry either endogenously
produced cargoes, be engineered to produce particular cargoes or
be modified after harvest. Endogenous cargoes can be induced
by priming cultured cells using specific endogenous factors,
signaling factors, heat stress or other environmental or exogenous
stressors (Tesfaye et al., 2020), including oxidative stress Das et al.
(2019). Post-harvest modification of exosomes might include
encapsulation of drugs or nucleic acids as well as chemical
modification of the surface by adding, for example, a targeting
moiety. In one recent study, exosomal encapsulation of paclitaxel
lowered the toxicity and increased the therapeutic index of this
chemotherapeutic drug (Pullan et al., 2019). There have been
many other studies investigating exosomal delivery of cargo,
including small RNAs, proteins, and small chemotherapeutic
agents, to various tumor targets (Das et al., 2019).

The current research in this use of biomimicry to produce
safer and more effective EV and exosomal nanosystems for
drug delivery was comprehensively reviewed by Kim et al.
(2017), Lu and Huang (2020). Such consideration has identified
a potential limitation in terms of the relatively low loading
efficiency of exosomes.

In summary, the major limitations to the wider use of
exosomes as carriers include their unfavorable pharmacokinetics
(Das et al., 2019), lack of characterisation, and low encapsulation
efficiency (Tran et al., 2019). A deeper understanding of the
factors controlling the packaging of exosomal contents, along
with the mechanisms of release from the source cells and the
uptake by target cells, will be required for a wider translation
of exosomes to a clinical setting to occur. Nevertheless, clinical
trials are ongoing and include studies aimed at treating cancers
(Aqil et al., 2019), including melanoma and lung cancer (van Niel
et al.,, 2018). Recently, for example, researchers have investigated
a tumor treatment using exosomes that were derived from MSCs
to carry mRNA from a prodrug activating gene (Altanerova
et al,, 2019). Additionally, there are currently ten exosomal-
related pharmaceutical products in Phase I, II, and III clinical
trials (listed as being not recruiting, recruiting and completed)
(ClinicalTrials.Gov, 2020). Importantly in the context of this
review, Altanerova et al. (2019) demonstrated that exosomes,
which were tagged with iron oxide NPs, crossed the blood-
brain barrier (BBB) and were then taken up by glioma cells.
A number of other studies have also confirmed this ability of
exosomes to cross the BBB (Gilligan and Dwyer, 2017; Liu
and Su, 2019). These findings suggests that exosomes may also
have the potential to cross the blood-testis barrier and might
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therefore find application in targeting germ cells that lie within
this anatomical barrier.

Targeting of Nanoparticles

Covalent attachment of targeting moieties such as peptides,
antibodies or aptamers to the NP surface provides the
opportunity for circulating NPs to bind to specific cell surface
biomarkers. This, in turn, facilitates the delivery of the
NP payload to selected cell types (Figures 2, 3). Targeting
moieties such as peptides can be modeled on agonists or
antagonists (Accardo et al., 2014) to well characterized receptors
that are unique to the reproductive system or, alternatively,
peptides discovered by phage panning of the target cells
(Askoxylakis et al., 2011; Ruoslahti, 2012; Le Joncour and
Laakkonen, 2018). Aptamers are small oligonucleotide ligands
of 15-40 bases that have a 3D structure, which bind to
specific targets such as proteins and peptides on the cell
surface (Cheng and Liu, 2017). Investigated extensively in
cancer therapeutics, antibodies (and monoclonal antibodies
in particular), can be used to target the NPs to those cells
expressing particular antigens on their outer membrane. Immune
cells can also bind to the Fc portion of the intact antibody,
thereby initiating a signal cascade that kills the target cell
(Peer et al., 2007).

This targeting strategy enables elevation of the local
concentration of the drug whilst maintaining the systemic
levels well below the maximum tolerated dose (MTD) and
thus decreasing the chance of off-target effects. The targeting
moieties can be coupled to PEGylated NPs via the PEG
portion of the polymer before or after formation of PNPs
(Lakkireddy and Bazile, 2016). Targeting components may
also be inserted into the outer membrane of the NP. For
instance, the use of lipidated moieties, usually with cholesterol-
PEG, is a common approach for the bioengineering of
exosomes. The hydrophobic cholesterol “tail” embeds in the
membrane thereby anchoring the hydrophilic moiety to the
membrane surface whilst the targeting hydrophilic end extends
outward from the membrane surface (Tran et al.,, 2019). The
targeting moiety must also have a high coupling efficiency
and be situated sufficiently distant to the surface of the
NP so that it retains its binding conformation and affinity
(Accardo et al, 2014). Overall, of the targeting moieties,
antibodies are more costly, have increased opsonisation and
are more immunogenic than, for example, targeting peptides
(Biscaglia et al., 2017).

Advantageously, the testes presents uniquely
expressed receptors for hormones such as the FSH, LH,
and the Anti-Mullerian hormone (AMH), that are ideal
for targeting using peptides or antibodies. The structure
and kinetics of the FSH receptor, in particular, have
been extensively studied. On binding of a ligand to its
active site, both the FSH receptor and bound ligand are
internalized via receptor mediated endocytosis (Shimizu
et al, 1987; Shimizu and Kawashima, 1989). Indeed,
FSH has already been used as an effective means of
targeting contraceptive agents, such as adjudin, to the testes
(Mruk et al., 2006).

several

TABLE 1 | Recent review articles exploring nanoparticle use in the male
reproductive system.

Review focus Author and year

Nanomedicine and mammalian sperm- Lessons Barkalina et al., 2015,

from the porcine model 2016

Gene delivery systems for the testes- Gene editing Darbey and Smith,
and delivery- male infertility and hypogonadism 2018

Treatment for male and female infertility using NPs Abbasi, 2017

Nanotechnology in veterinary medicine -male Falchi et al., 2018

fertility and sperm function

Clinical translation of NPs in human reproduction -
Improved therapeutics and early diagnoses
reproductive tract conditions

Shandilya et al., 2020

Barkalina et al., 2014a
Barkalina et al., 2014b

Mesoporous silica NPs for reproductive medicine

Mesoporous silica NPs and targeted delivery vector
for reproductive biology

Barkalina et al., 2014c

El-Sayed and Kamel,
2020

Barkalina et al., 2015

Mesoporous silica NPs and their effects on sperm
NPs in veterinary medicine - Diagnostic, therapeutic
and prophylaxis

Extracellular vesicles used for delivery of molecular
compounds to gametes and embryos

Current trends NPs, liposomes, and exosomes for Saadeldin et al., 2020
use in semen cryopreservation

All nanoparticles - Prostate cancer nanodiagnosis
and nanotreatment

Barani et al., 2020

Exosomes- Prostate cancer diagnosis, prognosis, Lorenc et al., 2020
therapy

Pullan et al., 2019
Kharazi and
Badalzadeh, 2020

Tompkins et al., 2015

Exosomes - Cancer therapy

Exosomes - Stem cell therapy and reproductive
medicine

Extracellular vesicles - Urology: fertility, cancer,
biomarkers and targeted pharmacotherapy

APPLICATIONS OF NANOPARTICLES IN
MALE REPRODUCTIVE HEALTH,
MEDICINE, AND RESEARCH

There have been many recent review articles discussing
the various aspects of reproductive research, health and
medicine that might be addressed using specifically engineered
nanosystems (Table 1). Rather than duplicate this effort, our
aim is to instead present a selection of the most recent research
on NPs that have been applied to the male reproductive system
(Supplementary Table 1). Additionally, we highlight the exciting
variety of applications where NPs may provide 1. therapeutics for
cancer and other diseases with less off-target effects; 2. Improved
diagnostics that are minimally-invasive and have increased
efficacy; 3. improved gamete quality and genetic manipulation for
use in assisted reproductive technologies and 4. by augmenting
research capabilities, facilitate greater mechanistic insights into
the reproductive process.

Cancers of the Reproductive System
Cytotoxic Agents, Targeting, Drug Resistance, and
Decreased Sensitivity

Cytotoxic cell ablation pharmaceuticals are currently used for
a variety of scientific and medical applications to selectively
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ablate a single type of cell (Choi et al, 2004) with the main
medical application being cancer therapeutics. Nanoparticle
technologies meet the criteria of specificity, controllability, and
efficacy to a much greater extent than the more traditional, non-
targeted, chemotherapeutic approaches that often led to ablation
of off-target cells and, consequently, created greater systemic
toxicity. Additionally, traditional anti-cancer therapeutics such
as doxorubicin, paclitaxel, docetaxel, and captothecin have high
lipophilicity and consequent low solubility which combine to
limit the deliverable dose (Accardo et al., 2014). Encapsulation
in targeted NPs allows effective delivery of these poorly water-
soluble drugs, as well as limiting the toxicity of these drugs on
non-target tissues (Stylianopoulos and Jain, 2015).

Almost all anticancer therapies rely on the enhanced
permeability and retention (EPR) effect, that is, passive
accumulation of therapeutics in the tumor (Stylianopoulos and
Jain, 2015). The advantages of specific targeting are discussed
above and is especially important in the use of the cytotoxic
agents for the treatment of cancer so as to minimize off-target
effects. Several studies have sought to identify novel targeting
molecules for use with cancer therapeutics; with successful
examples including acids, peptides, polypeptides, or proteins
based on molecules such as the FSH (Zhang et al., 2009, 2013; Fan
et al,, 2014; Hong et al,, 2018), cyclic arginine-glycine-aspartic
acid (cRGD) (Zhang Y. et al., 2020), folic acid (FA) (Abou-
ElNaga et al, 2017), and hyaluronic acid (HA) (Zhao et al,
2019) that bind to known receptors more abundantly expressed
on the surface of reproductive cancer cells. The inclusion of
paramagnetic particles (most often superparamagnetic iron oxide
NPs) within the nanosystem that may be directed to the target
tissue by the application of a magnetic force has been another
targeting method exploited by NP researchers (Fathi et al., 2020).

A common problem in cancer therapeutics is the occurrence
of resistance to treatment. Strategies for overcoming this
phenomenon of drug resistance may include the use of
multifunctional NPs containing a combination of the drug
and a short interfering RNA (siRNA) payload that inhibits
the translation of proteins involved in the resistance pathway.
Examples of such dual-mode NPs include those described by
Zhang Q. et al. (2020) in the context of ovarian cancer models.
Specifically, a polymeric NP containing a photoactivatable
Pt(IV)-prodrug and a siRNA directed at the survivin gene
(siBIRC5) and targeted using cRGD; a peptide that binds to
ay B3 integrins over-expressed on the surface of cancer cells.
When exposed to blue-light radiation, this nanosystem was
able to increase the accumulation of the drug and to reverse
antiapoptotic effects of survivin as well as to enhance ROS
levels (Zhang Q. et al., 2020). Another approach to elevate
tumor sensitivity may be to utilize different drugs from that
applied in the initial treatment regimen. Of course, new drugs
require many years of research and development, however,
several recent studies have investigated the use of repurposed
drugs such as albendazole, a microtubule inhibitor (Noorani
et al., 2015) or drugs sourced from plants, such as curcumin
(from turmeric), triptolide and celestrol (from Tripterygium
wilfordii Hook F.) for use in ovarian cancer (Niu et al., 2020).
A recent paper by Mohajeri et al. (2020) reviewed the research

on the anti-tumor properties of curcumin and, by focussing on
curcumin’s purported modulation of oestrogens and androgens,
emphasized its use in cancers of the reproductive system. Cancer
stem cells (CSC) are thought to be involved in cancer initiation,
progression, metastases and recurrence after treatment. Cancer
stem cells are also less sensitive to both cytotoxic agents and
radiotherapy (Bajaj et al., 2020). Therefore, chemosensitizers
and radiosensitizing agents along with specific biomarkers for
targeting may be particularly important therapeutically for
ablating CSCs (Walcher et al., 2020).

NPs can overcome the challenge of maximizing cytotoxicity
within the tumor by incorporating all of the drugs in the one
carrier and thereby delivering drug cocktails simultaneously to
the cell. The use of nanotherapeutics may also obviate or reduce
some of the long- and short-term side effects of chemotherapeutic
drugs. For instance, the cardiotoxicity resulting from treatment
with cisplatin or doxorubicin. The therapeutic potential of
NP cisplatin-delivery strategies have been extensively discussed
in review articles by Browning et al. (2017), Cheng and Liu
(2017), Deng et al. (2020). Additionally, some researchers have
sought to mitigate this toxicity by combining these drugs with
a cardioprotective polyphenol such as resveratrol, quercitrin, or
curcumin (Al Fatease et al., 2019).

Cancers of the Male Reproductive

System

Prostate Cancer

Globally, prostate cancer (PC) is the second most commonly
diagnosed cancer in men (Barsouk et al, 2020) and is
responsible for 7.1% of all cancer deaths (Bray et al., 2018).
The prevalence of PC is around 3-fold in countries with a
high income compared to that in low income countries but
the mortality rate per 100,000 is around the same (Barsouk
et al,, 2020). As prostate cancer is diagnosed using serum
prostate specific antigen (PSA) levels and biopsy, the higher
prevalence data may result from the higher routine screening
rates for PSA (Barsouk et al, 2020). Having said this, along
with increasing age, the etiology of PC has been linked to a
number of genetic and lifestyle factors more commonly observed
in high HIC. Genetic markers are the BRCA2 and the HPC
(hereditary prostate cancer) genes, while contributory life-style
factors include obesity, smoking and a diet high in calcium
and dairy products and low in alpha-tocopherol and selenium
(Barsouk et al., 2020). First line treatment for PC restricted
to the prostate may be radical prostatectomy. However, the
prostate gland is difficult to access surgically and prostatectomy
may result in unintentional post-surgery consequences such
as urinary incontinence and erectile dysfunction (Sebesta and
Anderson, 2017). Thus, effective alternative treatments may be
preferable, for example, prostate-sparing brachytherapy, where
radioactive seeds are implanted within the prostate, may be used
with external beam radiotherapy. As prostate cancer is often
testosterone-dependent, higher risk patients are also treated with
gonadotropin releasing hormone antagonists or agonists. This is
called androgen deprivation therapy (ADT) and its purpose is
to reduce testosterone levels. Cytotoxic agents, such as docetaxel
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and cabazitaxel, may also be used in conjunction with ADT
or other inhibitors of androgen biosynthesis, such as CYP17a
inhibitors (abiraterone is one such inhibitor), for patients with
disease progression (Barsouk et al., 2020).

There have been at least two recent reviews regarding
NP research specifically intended for use in prostate cancer
as detailed in Table 1 (Barani et al., 2020; Imran et al,
2020; Lorenc et al, 2020). The main roles for nanosystems
in the treatment of PC may rest with the minimization
of off-target effects and increasing the therapeutic index of
cytotoxic agents, as well in increasing radiosensitivity by delivery
of radiosensitising agents. One nanosystem that has shown
promising efficacy against castration resistant PC (CRPC) in
Phase I (52 patients) (Von Hoff et al, 2016) and Phase
IT (42 patients) (Autio et al., 2018) trials is the untargeted
BIND-014 PEGylated NP containing docetaxel. BIND-014 was
found to be well tolerated and showed promising efficacy
for PC patients with chemotherapy-naive metastatic CRPC
(Autio et al, 2018). Recently, a number of research strategies
have been reported in which traditional cancer agents have
been encapsulated together (Li et al, 2019) with agents
that enhance the effects of radiotherapy (Liu et al, 2020),
with natural compounds (Song et al., 2020) within NPs to
produce a synergistic effect in PC therapy, or with imaging
agents for detection of tumor tissue (Lian et al, 2017).
For instance, curcumin and cabazitaxel have been combined
within a lipid-coated polymeric NP targeted using an anti-
PSMA (Prostate-Specific Membrane Antigen also known as
Glutamate carboxypeptidase II) aptamer (A10-3.2) and applied
in vitro and in in vivo xenograft models of the PSMA-
positive/androgen-receptor negative LNCaP cell line and the
PSMA-negative/androgen-receptor positive CRPC PC-3 cell
line (Chen et al., 2020). In vitro, the nanosystem exhibited
significantly better cell inhibition than the drug combination in
solution. Additionally, after 21 days of treatment of the xenograft
nude mice, the aptamer-targeted NPs containing a 2:5 ratio of
curcumin to cabazitaxel outperformed both the bare NPs and
the unencapsulated drug combination. This nanosystem also
exhibited greater in vivo half-life, improved targeting, greater
accumulation in the tumor and less accumulation in the heart,
greater cytotoxicity and significantly reduced tumor volume, as
well as improved maintenance of body weight when compared to
the free drugs (Chen et al., 2020).

NPs may better facilitate the detection of ultra-small
clusters of tumor cells by MRI than traditional contrast
reagents. With this in mind, Du et al. (2020) encapsulated
the fluorescent Cy7 agent within a PSMA-targeted manganese
oxide-MSNP and applied this nanosystem to LNCaP cells in
both in vitro and in vivo settings, to demonstrate higher
specific targeting and enhanced near-infrared imaging and MRI
compared to that of the untargeted NP or the Cy5/Mn3;Oy
alone. However, imaging agents may also be combined with
cytotoxic agents within the same NP. One such system
was recently reported by Fang et al. (2020) who combined
docetaxel and a cluster of superparamagnetic iron nanoparticles
(SPIONs) within a PLGA-PEG NP for targeted delivery using
a Wy5a aptamer (selected using SELEX to bind to PC-3

cells). This nanosystem exhibited a significantly lower ICsg
yet elicited a similar effect on cell viability compared to the
drug in vitro. Moreover, 8 weeks of in vivo treatment of
the CRPC mouse model was accompanied by a significant
decrease in tumor volume compared to that of the untargeted
NP and the docetaxel alone without attendant increase in
systemic toxicity. The encapsulated SPIONS facilitated increased
contrast enhanced MRI capability when compared to the,
commercially available, contrast reagent Resovit (Fang et al,
2020). Similarly, the MRI contrast reagent gadolinium along
with cabazitaxel were incorporated within bovine serum albumin
NPs by Wan et al. (2020) for concurrent treatment and
imaging of PC. These researchers applied this untargeted
nanosystem to PC-3 cells in vitro and then relied on the
enhanced permeability and retention effect for preferential
uptake by the tumor xenografts in vivo. When compared
to the drug alone, this nanosystem enhanced cellular uptake
in vitro and, in vivo retention time was increased (with
lower clearance rate), distribution to off-target tissues was
reduced, and a significant inhibition of growth of xenograft
tumors was observed.

Testicular Cancer

Despite being relatively uncommon, accounting for only 1%
of all cancers, testicular cancer (TC) is the most prevalent
solid malignancy in 15-30 year old males. Like PC, TC
is more prevalent in developed countries where altered
environmental factors and higher exposure to xenobiotics,
both pre- and postnatally, are believed to be responsible
for its increasing prevalence (Cheng et al, 2018; Chieffi,
2019). TC is usually detected by the presence of a mass in
the scrotum along with scrotal ultrasonography and raised
levels of the serum tumor biomarkers a-fetoprotein, (-
human chorionic gonadotrophin, lactate dehydrogenase, and
miRNA 371a-3p (Ghoreifi and Djaladat, 2019). Currently,
the overall 5-year survival rate for testicular tumors is 95%
(Ghoreifi and Djaladat, 2019).

Treatment of TC usually involves removal of the effected
testis (orchiectomy) or chemotherapy followed by orchiectomy
in the case of metastasis (Ghoreifi and Djaladat, 2019).
Testis sparing surgery is used where possible to maintain
testosterone levels and to preserve fertility (Ghoreifi and
Djaladat, 2019). Chemotherapy usually comprises four cycles
of bleomycin, etoposide, and cisplatin (BEP) or four cycles
of etoposide, ifosfamide, and cisplatin (VeIP) if bleomycin
is contraindicated (Chen and Daneshmand, 2018). However,
systemic administration of cisplatin, considered essential for
testicular cancer treatment, comes with the cost of possible
nephrotoxicity, ototoxicity and neurotoxicity (Browning et al.,
2017) along with longer-term cardiovascular problems and
metabolic syndrome associated with lowered testosterone levels
(Poniatowska et al., 2020).

Studies of nanosystems specifically aimed at TC are rare -
perhaps due to its relatively low incidence - however, one
such study by Al-Musawi et al. (2021), covalently attached
the anticancer agent vincristine to a SPION and encased
this entity in dextran with surface folic acid to develop
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a targeted and directable NP. These NPs demonstrated
a 10-fold increase in toxicity compared to the free drug
when applied to Tera-1 testicular tumor cells in vitro (Al-
Musawi et al., 2021). Attention has also increasingly focused
on the longer-term treatment sequelae as up to 60% of
survivors of TC face the aforementioned consequences of
lowered testosterone levels corresponding to the cumulative
dose of cisplatin (Poniatowska et al, 2020). Encapsulation
of cisplatin and other more toxic chemotherapy agents
in NPs may provide a way of protecting cancer patients
from associated long-term side-effects by improving
the therapeutic index through specific targeting and
controlled release.

Reproductive Health and Fertility

Infertility

As well as facilitating targeted gene delivery, nanosystems may
prove to be powerful research tools in the investigation of the
causes of infertility as well as providing platforms for diagnostics
and therapeutics. Several recent studies have demonstrated the
safety and efficacy of MSNPs for this application, particularly
for nucleic acid delivery. In this context, Barkalina et al. (2014c)
demonstrated that incubation of spermatozoa with MSNPs
had minimal impact on DNA integrity, motility, viability, or
acrosome morphology. Additionally, PLGA-PEG polymeric NPs
encapsulating fluorescein isothiocyanate (FITC) were shown
to be taken up by cumulus-enclosed oocytes in a proof-of-
concept study (Goncalves et al., 2020). These findings, along
with the fact that MSNPs have been shown to be ideal carriers
of genetic material (i.e., siRNA and miRNA) (Pecot et al,
2011; Cha et al, 2017), raises the prospect that NPs may
be an ideal alternative to electroporation or the use of viral
vectors for the transfer of genetic material to gametes. Current
non-viral, viral and liposomal delivery systems that have been
used for gene editing in the testes were explored in a recent
review by Darbey and Smith (2018). Gene editing using the
CRISPR-Cas9 technology has many potential uses in pluripotent
stem cells, gametes and the embryo. It may be particularly
useful for male infertility where it could be used to edit
spermatogonial stem cells, especially for individuals afflicted with
spermatogenic dysfunction and an attendant inability to produce
mature spermatozoa (Niederberger et al, 2018). Controlled
testicular release of a missing/aberrantly expressed protein could
conceivably restore fertility (albeit temporarily). For example,
intratesticular delivery of cationic lipid-coated fibroin NPs
encapsulating, and slowly releasing, peptidylprolyl isomerase I
(PIN1) protein to Pinl-knockout mice restored spermatogonial
proliferation and BTB integrity (Kim et al., 2020).

Preserving fertility during chemotherapy or restoring fertility
after treatment with genotoxic agents or after inflammatory
pathology has been the focus of much NP research. Restoring
male fertility by cryopreservation of prepubertal testicular tissue
(Vermeulen et al., 2017) and post-tumor in vitro removal
of tumor cells from spermatogonial cells for transplantation
in testis after cancer treatment (Shabani et al., 2018) have
both met with some success. Amelioration of negative impacts

of Ritalin (methylphenidate), commonly used for attention
deficit hyperactivity disorder, on fertility by concurrent delivery
of SPIONs carrying curcumin was assessed by Raoofi et al.
(2020). Curcumin SPIONs were administered concurrently
with methylphenidate to rats. Testes weights were maintained
whilst enhanced levels of testosterone and improved sperm and
serological parameters were observed along with downregulated
proinflammatory and proapoptotic genes.

Assisted Reproduction Technologies

In the fertilization process, the ejaculated sperm undergo
selection as they travel through the female genital tract. This
process physiologically modifies the sperm and selects for motile
spermatozoa that are capable of undergoing the acrosome
reaction, thus ensuring that only the best sperm reach the
oocyte for fertilization (Raimondo et al., 2020). When natural
conception is not possible, fertilization can be assisted either in
vivo by artificial insemination or in vitro before implantation of
the early stage embryo in vivo. Since the birth of the first in vitro
fertilization (IVF) baby in 1978, the field of assisted reproduction
technology (ART) has made much progress. However, among the
many challenges that remain in this field, at least some may be
addressed using nanotechnology. Thus, non-human models have
been used to test the efficacy and safety of nanotechnology in
improving ART outcomes. The selection of good quality, healthy
spermatozoa for use in artificial insemination (AI), IVE and
intracytoplasmic sperm injection (ICSI) may improve the health
of the embryos, the chances of conception, and the viability of the
resulting pregnancies. After undergoing a selection process, the
sperm sample should show improved motility, and morphology
and should exhibit lower levels of DNA fragmentation, DNA
oxidative damage and contamination with apoptotic sperm or
other cell types (Marzano et al., 2020). The use of NPs in
semen cryopreservation (Saadeldin et al., 2020), healthy sperm
selection, and removal of damaged spermatozoa from semen
samples are promising approaches to improving the quality of
sperm samples. Magnetic assisted cell sorting (MACS) utilises
surface-modified magnetic NPs included in a column inside an
external magnet (Marzano et al., 2020). Damaged and apoptotic
sperm remain attached to the magnetic beads whilst the flow
through carries the better quality sperm from the column.
Nanoparticles such as magnetic IONPs coated with lectins or
a combination of lectins and Annexin V that bind to, and
facilitate removal of, damaged spermatozoa have been applied
to porcine (Feugang et al., 2015a; Durfey et al., 2019; Feugang
et al., 2019) and camel (Rateb, 2020) semen samples prior to
downstream application in Al, and to human spermatozoa for
subsequent use in ICSI (Pacheco et al., 2020). Additionally, in a
study aimed at improving the quality of spermatozoa in cattle
semen samples, Farini et al. (2016) used Cell-SELEX to discover
ssDNA aptamers that bind to damaged spermatozoa and applied
these to the surface of magnetic IONPs. MACS has also been
shown to be an effective method for the isolation of viable
human sperm (Pacheco et al., 2020) with normal morphology
and intact mitochondrial membrane potential (Marzano et al.,
2020). Sperm samples processed using MACS followed by density
gradient centrifugation (DGC) exhibited a significantly higher
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percentage of sperm with progressive motility and less sperm
with fragmented DNA (Berteli et al,, 2017). Indeed, MACS
followed by DGC removed over 71% sperm carrying fragmented
DNA (Zhang et al., 2018). Additionally, when applied to ICSI,
sperm selected by MACS followed by DGC produced a higher
proportion of high-quality embryos, pregnancy and implantation
rates compared to DGC selected sperm (Ziarati et al., 2017) and
lower rates of miscarriage (Sanchez-Martin et al., 2017).

Extracellular vesicles are found in the female reproductive
tract of both humans and domestic animals where they are
postulated to play roles in follicular development, oocyte
maturation, embryo development (O’Neil et al., 2020) and the
establishment of pregnancy (Jamaludin et al., 2019; O’Neil et al.,
2020). Epididymal EVs, or epididymosomes, are believed to
play a major role in the delivery of proteins (Sullivan et al.,
2007; Longcore et al., 2009), lipids, and small non-coding RNAs
(sncRNAs) (Trigg et al, 2019) to the transiting spermatozoa
essential for their maturation as well as conferring protection
against redox active species (ROS) released by dying cells
(Sullivan, 2015). EVs, termed prostasomes, present in seminal
plasma (SP) fuse with the post-ejaculatory spermatozoa to
enhance motility (Hoog and Lotvall, 2015). Prostasomes also
aide semen liquefaction, prevent microbial infections, facilitate
blood coagulation and mediate immunosuppression in the
female genital tract (Hoog and Lotvall, 2015). In a study by
Rodriguez-Caro et al. (2019), EVs from human seminal fluid
were shown to bind endometrial stromal cells (ESCs) in vitro
and thereafter enhance ESC decidualization, prolactin secretion
and ultimately, endometrial receptivity. Moreover, it has been
concluded that exosomes contained within SP contribute to the
immune functions of SP within the endometrium, particularly
in the upper female genital tract (Paktinat et al., 2019). It
follows that SP exosomes may find application in preparing the
endometrium for embryo transfer during ART cycles (Paktinat
et al,, 2019). As well as discussing the research that has already
been conducted on the use of naturally occurring exosomes on
various reproductive pathologies, Kharazi and Badalzadeh (2020)
suggest combinations of exosomes for alleviating the symptoms
of endometriosis and asthenozoospermia. Certainly, the research
to date suggests there is great potential for the use of tailored
exosomes for treatment of the reproductive system as well as to
enhance the success of ARTS.

Fertility Control

Successful reproduction involves multiple hormones and gamete
production and maturation as well as fusion of the sperm and
oocyte, implantation and embryo development. Cells, receptors
and molecules involved in these processes are all possible
targets for fertility inhibition. Spermatogonial stem cells and
Sertoli cells are terminally differentiated cell types that cannot
be replenished by the reproductive system, therefore, these
cells in particular, represent ideal targets for fertility control
(Aitken and Curry, 2011). Moreover, since the FSH receptors
on Sertoli and granulosa cells and LH receptors on Leydig and
theca cells are uniquely expressed in the testes and ovaries,
these cells can be specifically targeted through ligands that
bind to these receptors without creating any off-target effects.

Nevertheless, the two most recent studies, conducted by the Yata
(Yostawonkul et al., 2017; Pagseesing et al., 2018) laboratory,
aimed at creating nanosystems for non-surgical sterilization,
albeit in vitro only, used NPs that were not targeted. In
their 2017 study, they loaded a natural product, a-mangostin,
into liposomes for intratesticular injection. In proof-of-concept
studies on GC-1 spermatogonia, the NPs induced apoptosis
and exhibited antiproliferative activity. Abnormal anatomy of
seminiferous tubules was observed in cat testicular explants
(Yostawonkul et al., 2017). Similarly, antiproliferative activity
in spermatogonial cells in vitro and cell death in cultured rat
seminiferous tubules was observed in their study after application
of liposomal nanoemulsion NPs encapsulating doxorubicin
(Pagseesing et al., 2018).

CONCLUSION

There is now mounting evidence that supports the use of
nanomaterials over more conventional materials in the sphere
of reproductive biology research. Clinical applications of NPs
in reproductive health extend to germline protection, so as to
preserve fertility by directly ameliorating damage or by the
fortification of the intrinsic germline defenses against various
forms of exogenous and endogenous insult. Conversely, NPs
may be used to deliver cytotoxic agents for the ablation of
the male/female germ cells (or their support cells) for the
purpose of contraception. Additionally, imaging is an emerging
application for NPs, which can be engineered to deliver any cargo
including MRI contrast reagents and fluorescent tags. This may
be particularly useful for such diverse clinical applications as the
assessment of the ovarian reserve for family planning or to image
metastatic cell clusters of reproductive origin.

This review has sought to highlight the breadth and variety
of applications to which NPs may be applied to expand
and enhance existing imaging and treatment options for
conditions of the male reproductive system. Besides their use
in diagnostics, reproductive cancer, contraception, ART and
reproductive health are all fields that stand to benefit from
future developments in NP technologies. In guiding these
developments, important considerations include the formulation
of biocompatible, well characterized materials that are soluble
or colloidal under aqueous conditions. Similarly, in vivo use
of NPs will only be possible if they present with minimal
toxicity/immunogenicity. In this regard, minimization of oft-
target effects and increased safety indices could perhaps be best
addressed via functionalization of the NP surface to ensure it
is engineered with the highest levels of target cell specificity
and/or differential uptake efficiency into the targeted, as opposed
to non-targeted cells. As additional criteria for clinical use, the
NPs would benefit from an extended half-life in vivo as well as a

long shelf-life.

FUTURE PERSPECTIVES

The use of exosomes, which are furnished with specific ligands
targeting them to particular cell types, could be arguably among
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the most exciting developments in nanotechnology. Potentially,
molecular engineering of the source cell to express a desired
cargo or targeting peptides to then be packaged into or expressed
on the membrane surface of exosomes may result in ingenious
delivery agents that are customized to the patient. Innovative
hybridisation of exosomes to create a new breed of “stealthy” NPs,
with increased in vivo half-life and biocompatibility, presents
many possibilities and would have a wide application in tailored
cancer therapy, gene manipulation in germ cells, as well as a wide
range of reproductive biology research applications.

The other exciting developments lie in the field of imaging.
Recently, researchers have sought to synthesize quantum dots
based on carbon (Alas et al., 2020; El-Shabasy et al., 2021)
or silica (Zhu et al, 2019), utilizing ecofriendly synthesis
(Iravani and Varma, 2020), which would offer a lower toxicity
alternative to metal based QDs (Liu and Tang, 2020). QDs
may be utilized in fluorescent imaging for in vitro and in
vivo research as well as in diagnostic imaging, offering higher
yield and in vivo stability in comparison to other fluorescent
tags. In reproductive biology research, possible applications for
ligand-modified QDs may include gamete labelling for in vivo
and in vitro tracking, as envisaged by Feugang et al. (2012,
2015b), labelling and in vivo imaging of germ cells within
the testes, and particle tracking. Additionally, in vivo tumour
imaging using targeted QDs may aid in cancer treatments
and also detect cancer cells for early diagnosis in vivo and in
ex vivo samples.

In the field of reproductive science, IONPs present a
number of applications, including the aforementioned use in
MACS-facilitated sperm selection, superparamagnetic IONPs
may facilitate cell MR imaging and magnetic fluid hyperthermia
for targeted cell ablation. Additionally, safer alternatives to
QDs, based on IONPs may be developed. For instance, Vasquez
et al. used a composite luciferase magnetic NP to label sperm
which could then be detected using bioluminescent and UV-
Vis-NIR microscopy (Vasquez et al., 2016). Finally, magnetic
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