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CHAPTER 1

NANOTECHNOLOGY IN REPRODUCTIVE MEDICINE AND BIOLOGY:
EMERGING APPLICATIONS OF NANOMATERIALS

Key messages:

Nanotechnology allows the engineering of complex biocompatible nanoscale-sized
platforms with high loading capacity, stability, highly selective affinity, and potential for
simultaneous diagnostic and therapeutic applications.

These platforms are increasingly introduced into various fields of medicine, including
reproductive medicine, where they are currently being investigated as novel candidates for
early and minimally-invasive treatment of malignant and benign diseases.

The encouraging evidence obtained from the use of nanomaterials in medicine in general,
and reproductive medicine in particular, has given rise to the hypothesis that
nanotechnology could offer powerful solutions to reproductive biology via accurate and
non-invasive tools for the transfer of molecular compounds into gametes and embryos for
investigative and therapeutic purposes.

Mesoporous silica is a nanomaterial with favourable features for reproductive biology,
however it has not been previously studied in this specialised field.
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1.1. BACKGROUND

Nanotechnology is an integrative discipline, which represents a unique combination of classical
natural, mathematical, computer and materials sciences, investigating and manipulating physical
matter on the nanometer scale (Koopmans and Aggeli, 2010). The unparalleled potential of
engineered sub-micron structures, which are comparable in size to biological molecules, has been
recognized ever since the 1950s (Feynman, 1960). However, the rapid development of applied
nanotechnology only began in the 1990s following the discovery of the Nobel Prize-winning
technique, scanning tunnelling microscopy (Binnig and Rohrer, 1982), and, several years later,
atomic force microscopy (Binnig et al., 1986). Both these methods, which allow the visualisation
and handling of small-scale physical matter with exceptional accuracy, triggered an exponential
growth in nanoscience.

By the year 2000, nanotechnology was universally recognised as a landmark innovation, and
named “the sixth truly revolutionary technology introduced in the modern world” (Bromley, 2001).
In response to the widespread practical applications of nanotechnology, many countries have
introduced specialised courses in nanoscience as part of high school, undergraduate and graduate
curricula, and promoted dedicated international research initiatives (European Commision (EC),
2004; Velez and Velez, 2011).

Over the last decade, nanotechnology has been extensively introduced into biomedical
applications, including biological detection, drug delivery, diagnostic imaging, and tissue
engineering (Koopmans and Aggeli, 2010; Kim et al., 2013b; Lehner et al., 2013; Tsai et al., 2014).
This action resulted in dramatic improvement in the diagnostic and therapeutic values of these
methodologies (Uskokovic, 2013; Tsai et al., 2014). Estimates suggest that the number of
nanotechnology patents related to healthcare increased from less than 200 in the year 2000 to nearly
10,000 by the year 2010, doubling almost every three years, and thus reflecting the rapid expansion
of the pioneering industries of nanobiotechnology and nanomedicine (Figure 1-1) (Antunes et al.,

2012).
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A\ Clinical applications of approved nanomaterials and nanodevices as
/ \ analytical tools, imaging agents and targeted drug delivery systems
O-

NAN
MEDICINE Molecular diagnostics: ultrasensitive high-throughput
biomolecule detection assays
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// \ Tissue engineering
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/ NANOBIOTECHNOLOGY ¢

Healthcare/pharmaceuticals
// \ Energy and chemistry industry
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NANOSCIENCE Agriculturg and food industry.
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Figure 1-1 — Nanoscience, nanobiotechnology and nanomedicine: inter-disciplinary relations and key
fields of interest. In general, nanoscience investigates the nature of atomic/molecular interactions at the 1-
100 nm scale. Nanobiotechnology covers the diverse aspects of design, production and practical applications
of nanostructures in biological systems. Finally, nanomedicine applies engineered nanomaterials in a clinical
setting, targeting cellular and molecular levels of human biological systems for diagnostics and therapy
(Webster, 2006; Jain, 2011; Lammers et al., 2011).

Traditionally, the main scope of fundamental and applied nanobiotechnology lay in the field
of cancer diagnostics and treatment, inseparable from the challenge of selecting and destroying
affected cell populations with ultimate precision (Zamboni et al., 2012). However, on-going
improvement in the safety of biomedical nanomaterials, along with the accumulation of
experimental evidence supporting the benefits of nanomaterial-based agents in terms of selectivity,
sensitivity, affinity and detection limits (Riehemann et al., 2009; Koopmans and Aggeli, 2010;
Uskokovic, 2013; Tsai et al., 2014), have led to the expansion of nanobiotechnological tools in a
number of non-cancer applications, such as cardiovascular (Psarros et al., 2012), neurological
(Holmes, 2013), gastrointestinal (Brakmane et al., 2012), autoimmune (Gharagozloo et al., 2015;
Serra and Santamaria, 2015), infectious (Mahajan et al., 2012; Singh et al., 2014; Choudhary and
Kusum Devi, 2015) and, reproductive diseases, where they are increasingly applied for detection
and treatment of cancer and experimental management of non-cancer pathologies.

This Chapter highlights the key benefits of nanotechnology in biomedicine, and introduces
its emerging uses for applied reproductive medicine and fundamental reproductive biology. It

addresses the benefits and concerns associated with the use of nanomaterials in a highly delicate
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system of reproductive tissues and gametes, and discusses the feasibility of the innovative and
controversial approach of nanomaterial-mediated delivery for research and manipulation of the
mechanisms underlying reproductive pathologies, including infertility. Finally, this Chapter
introduces mesoporous silica nanoparticles (MSNPs) as a potential nanovector for reproductive
applications, and addresses the specific features of this nanomaterial, which could render it a

promising tool for reproductive biology and medicine.

1.2. NANOMATERIALS: KEY FEATURES AND RELEVANCE FOR BIOMEDICAL APPLICATIONS
Nanotechnology, at its core, is a science investigating the engineering and application of
nanomaterials — natural or manufactured objects with at least one of the three dimensions at the
nanoscale (1-100 nm) (European Commision (EC), 2011). At this scale, physical, chemical and
biological properties of materials fundamentally differ from the properties of single atoms of bulk
solid matter, and are controlled by the effects of quantum mechanics, rather than classical physics.
Regardless of natural and physicochemical properties, such as origin, size, structure, composition,
and shape (Figure 1-2), nanomaterials are universally characterised by one key feature, the
combination of small size and immense surface area. Increased surface energy, and the altered
chemical potential of nanomaterials, transforms their mechanical, magnetic, optical, and catalytic
properties (European Commision (EC), 2004; Ashby et al., 2009; Cao and Wang, 2011). These
properties permit new levels of performance in a variety of industries, including chemical synthesis,
energy supply, construction and transportation, food production, data storage and
telecommunication, biotechnology, healthcare, and the manufacturing of consumer products

(European Commision (EC), 2004).
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@ *Non-intentionally made
Naturally present in the environment or anthropogenically produced,
.. including inorganic nanoparticulate by-products of iron hydrolysis, coal
Origin burning, and microbial precipitation (Waychunas, 2009)

* Intentionally made
- i Engineered products of artificial synthesis

» Zero-dimensional (all dimensions confined to the nanoscale range):

Dimensions nanoparticles, dendrimers

and shape » One-dimensional: nanotubes, nanorods, nanowires

(the number of . _ _ _
dimensions which » Two-dimensional: nanofilms, nanolayers, nanocoatings

are not confined to
the nanoscale
range)

» Three-dimensional: bulk nanomaterials (posess nanacristalline structure
and/or features at the nanoscale), for instance dispersion of
nanoparticles, bundles of nanowires/nanotubes, and multi-nanolayers.

e Amorphous
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+Single chemical element

Composition *Multiple chemical elements

Relationto |  «Individual
a substrate eIncorporated in a surrounding matrix/deposited on a substrate
_ . *Metallic
Material «Ceramic
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Figure 1-2 — Summary of current nanomaterial classifications. Nanomaterials can be classified into
subtypes based on their origin, size and shape, structure, composition, relation to a substrate, and material
(adapted from Ashby et al., 2009). Biomedical research and clinical practice primarily utilise zero-and one-
dimensional nanomaterials with various sizes, shapes and surface properties.

From the biological perspective, nanomaterials represent highly customisable and robust
multifunctional platforms for the non-invasive transport of virtually any type of biological cargo,
designed to mark, augment or suppress endogenous functional activity, into a selected target cell
population for investigative, diagnostic and/or therapeutic purposes. Over the last few years,
favourable biocompatibility has been demonstrated for a vast array of nanocarriers in combination
with a wide variety of mammalian cell types (Table 1-1, Figure 1-3). Furthermore, the constantly
increasing awareness of the important physiological roles of natural phospholipid micro- and
nanovesicles, referred to as ‘microparticles’ and ‘exosomes’, produced by mammalian cells and

acting as powerful mediators of cell communication in vivo, highlights the possibility of
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manipulating cell function using similar artificial nanostructures (EIl-Andaloussi et al., 2013;

Raposo and Stoorvogel, 2013).

Table 1-1- Common biomedically-applied nanomaterials

Class Subclass Material Structure Description
Organic Lipids Phospholipids Liposomes Enclosed nanospheres comprised of
a phospholipid bilayer
Micelles Enclosed nanospheres comprised of
a phospholipid monolayer
Solid lipids Solid lipid Nanospheres comprised of a lipid
nanoparticles  core stabilised by surfactants and/or
polymers

Polymers  Poly-L-lactide-co- Nanoparticles  Variously shaped structures with all
glycolide (PLGA) three physical dimensions on the
Poly-L-lactic acid nanoscale (<100nm)

(PLA)

Chitosan

Gelatine

Polyamidoamine Dendrimers Spherical nanomolecules consisting
(PAMAM) of a central core and sequential
Polypropyleneimine layers of branching groups

(PPI)

Inorganic  Noble Gold Nanoparticles  Variously shaped structures with all
metals Silver three physical dimensions on the
Platinum nanoscale (<100nm)

Oxides Magnetic and Nanoparticles  Variously shaped structures with all
superparamagnetic three physical dimensions on the
iron oxides nanoscale (<100nm)

Semi- Cadmium Quantum dots ~ Semiconductor nanocrystals with

conductors  Selenium optical properties
Tellurium
Indium

Carbon- Carbon Fullerenes Hollow nanospheres, comprised of

based carbon atoms, forming cage-like

structures

Nanotubes Cylindrical structures with two of
the three physical dimensions on
the nanoscale (<100nm)

Other Mesoporous silica Nanoparticles  Variously shaped structures with all

three physical dimensions on the
nanoscale (<100nm) and
mesoporous  architecture  (pore
diameter: 2-50nm)
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A) Micelles B) Liposomes C) Solid lipid NPs D) Metal NPs

Intra-membrane
hydrophobic

[ )= compartment Q Solid lipid
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8%7'} 1)
Phospholipid Surfactant

Hydrophilic bilayer
compartment

Phospholipid Hydrophobic
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E) Polymeric NPs F) MSNPs G) Dendrimers H) Carbon nanotubes

Branching units Terminal groups

Figure 1-3 — Common biomedically-applied nanomaterials. A) Micelles. B) Liposomes. C) Solid
lipid nanoparticles. D) Inorganic (metal) nanoparticles; quantum dots. E) Polymeric nanoparticles.
F) Mesoporous silica nanoparticles. G) Dendrimers. H) Carbon nanotubes.

The enormous potential of nanomaterials in biomedicine arises from a number of features,
which favour their use in the research and clinical setting (Table 1-2). Firstly, their small size,
comparable to the size of biomolecules, allows straightforward integration into physiological
cellular processes, such as passage through the plasma membrane via innate uptake mechanisms,
migration between intracellular compartments, and selective targeting of endogenous functional
pathways (Petros and DeSimone, 2010; Kunzmann et al., 2011).

Secondly, nanomaterials are intrinsically characterised by high stability, which results in
long-distance action and, therefore, offers potential for systemic administration. Stability can be
further enhanced through the use of biocompatible surface coatings, such as organic self-assembling
monolayers, polyethyleneglycol (PEG), or polyethyleneimine (PEI), which prevent recognition and
sequestration of a systemically administered nanocarrier by the reticuloendothelial system (RES)

(Ashby et al., 2009; Petros and DeSimone, 2010; Cao and Wang, 2011; Albanese et al., 2012). In
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the newest generations of nanomaterials, more sophisticated types of surface coatings can function
as microenvironment-responsive gate-keeping mechanisms, which limit the off-target escape of
cargo and allow its release upon the action of a specific endogenous or exogenous stimulus (pH,
temperature, light, ultrasound) (Albanese et al., 2012; Rosenholm et al., 2012; Kim et al., 2013b;

Lehner et al., 2013).

Table 1-2— Key features of nanomaterials which favour their use in biomedicine

Feature Relevance for biomedical applications

Small size Comparability with the size of biological molecules

Potential for straightforward integration into cellular processes and
physiological pathways

Large surface area Capacity to carry large amounts of biological cargo, including simultaneous
transport of various types of cargo on one nanocarrier
Versatility Adjustable physicochemical properties (size, shape, surface charge and

architecture) for increased efficacy of targeting

Adjustable surface chemistry (addition of specific functional groups and/or
coatings) for the covalent or non-covalent absorption of a particular type of
payload

Options for the “fine-tuning’ of surface chemistry through the addition of
highly-specific ligands for molecular recognition and further enhanced
selectivity of targeting

Targeted action High sensitivity and specificity
Reduced “off-target’ effects of cargo
Improved accuracy of detection profiles for diagnostic agents
Increased bioavailability and/or decreased toxicity for therapeutic agents

Stability Distance of action
Options for systemic administration
Protection of ‘sensitive’ payloads and optimised biodistribution

In addition, nanomaterials provide enormous options for passive and active targeting.
Passive targeting is based primarily on the phenomenon of enhanced permeability and retention:
an ability of tissues with increased microvascular permeability, mainly malignant, to passively
accumulate systemically administered nanomaterials (Matsumura and Maeda, 1986). Passive
targeting, therefore, is mostly relevant for the management of cancer. In contrast, active targeting
relies upon the concept of molecular recognition, and is achieved through the intentional

enrichment of the nanoparticle surface with specific ligands, such as antibodies, peptides and
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aptamers. These functionalities direct the nanocarrier towards a particular anatomical region, cell
population and/or intracellular compartment, significantly improving the selectivity of action, both
in cancerous and non-cancerous conditions (Riehemann et al., 2009; Petros and DeSimone, 2010;
Albanese et al., 2012; Marrache and Dhar, 2012).

Finally, the versatility and immense loading capacity of nanomaterials permits the binding
and targeted delivery of large payload volumes (Figure 1-4). As mentioned previously, the
biodistribution of cargo adsorbed on a nanomaterial differs dramatically from that of a free
molecule, being driven primarily by the biodistribution profile of the nanocarrier, which was
specifically engineered to recognise a particular molecular target (Chiannilkulchai et al., 1989).
This permits increased total circulation times for payloads, and limits their action to a selected
population of cells — a particular benefit for expensive pharmaceutical products with poor
biodistribution and/or agents with high unselective cytotoxicity (Damascelli et al., 2001; Gelperina
et al., 2002). Recently, the versatility of nanomaterials, and their capacity to simultaneously bind
various types of cargo, have laid the foundation for the concept of a theranostic nanomedicine
(‘nanotheranostic’) — a multifunctional delivery platform, which combines diagnostic and
therapeutic action through the selective targeting and contrasting of a pathological lesion during
clinical diagnostic imaging, followed by spontaneous or triggered drug release, the pattern of which
can be tracked in real time (Lammers et al., 2010; Xie et al., 2010).

Collectively, all these features explain the growing interest towards the use of nanomaterials
in the research and clinical setting in order to enhance the diagnostic and therapeutic value of

existing techniques.
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Figure 1-4 — Versatility of nanomaterials. Nanomaterials represent highly versatile structures with
adjustable physical and chemical properties. Changes in the size, shape, architecture, surface charge and
coating of nanomaterials allow us to manipulate their interaction with cells, improving uptake by the target
cell population and minimising non-specific interaction. Surface functional groups (ligands, chemical
radicals, aptamers, antibodies) play the role of targeting moieties and/or independent functional cargo.
Nanomaterials can be optionally loaded with biological payloads (chemotherapeuticals, proteins, nucleic
acids) through either absorption on the surface of the nanocarrier or inside the pore channels for porous
nanomaterials.

1.3. REPRODUCTIVE SCIENCE AND MEDICINE: CHALLENGES REQUIRING A NEW VISION

Reproductive science is an exciting and continuously developing field which aims to provide
theoretical insight into the mechanisms of gametogenesis, fertilization, early embryo development,
pregnancy establishment, and to develop applied tools for the intentional manipulation of these
processes to address fertility issues across different biological species. Assisted reproductive
technology (ART) represents a collection of sophisticated laboratory techniques and approaches for
the in vitro manipulation of gametes and embryos that were developed to enhance the chances of
fertilization and development to full-term, respectively. Today, ART is deemed essential for the
treatment of human infertility (Gianaroli et al., 2012; Aitken, 2014), but also for the preservation of

animal species (Holt et al., 2014) and production of livestock (Galli et al., 2014; Knox, 2014;
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Martin, 2014). In addition, reproductive science investigates an array of fundamental biological
processes underlying reproduction, including cell division and fusion, genetic recombination,
maintenance of pluripotency, and cell migration and differentiation, which are very similar to the
events involved in tumour biogenesis and tissue regeneration. Therefore, research into reproductive
biology has an inherent translational component, and permits advancement in our understanding of
cell-based regenerative therapies for cardiovascular, renal, neurological and other diseases
(Felsenstein et al., 2014; Freire et al., 2014; Katari et al., 2014), and the fine mechanisms of cancer
(Pardal et al., 2003; Kim and Dirks, 2008).

The role of assisted reproductive technology, primarily in vitro fertilization (IVF), in the
management of reproductive disorders has been growing steadily since the 1980s. Ever since the
birth of the first IVF baby, Louise Brown, in 1978 (Steptoe and Edwards, 1978), the continuous
progress in fundamental reproductive biology has been increasingly fuelling the field of clinical
assisted reproduction (Gianaroli et al., 2012). In fact, over the last few decades, the field of
reproductive science has expanded tremendously, now incorporating the principles of cell culture,
micromanipulation, live cell microscopy, cryobiology, laser technology, proteomics, metabolomics,
molecular genetics and biology. The integration of data arising from state of the art fundamental
research concerning the selection and micromanipulation of gametes and embryos, in vitro culture,
preimplantation genetic testing, and reproductive cryopreservation, into routine clinical practice has
resulted in improved treatment success and safety of ART. It has also increased the ‘patient-
friendliness’ of treatments and the total number of available options, now spanning from
conventional IVF/ICSI to intracytoplasmic morphologically selected sperm injection, time-lapse
imaging of embryo development, next-generation sequencing of pre-implantation embryos, and
nuclear genome transfer (Bartoov et al., 2002; Lemmen et al., 2008; Fragouli and Wells, 2012a;
Wells, 2014).

Indeed, ART has revolutionised the field of infertility treatment, resulting in the birth of

more than 5 million children worldwide ever since its first successful use in humans (Adamson et
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al., 2013). Over the last four decades, pregnancy rates following ART have increased by nearly six-
fold, from 6% (Wang and Sauer, 2006) to approximately 35% (ESHRE, 2014, HFEA, 2014), and
the procedure now allows us to achieve pregnancy in a range of male and female endocrine,
anatomic and genetic conditions. Although ART has expanded and improved, perhaps even more
than anticipated in its early days, and transformed from a controversial experimental procedure to a
routine medical treatment, its success rates, from the modern perspective, remain insufficient to
consider this technique a reliable solution to the problem of infertility. At the same time, the
average live birth rate after ART globally still remains reasonably low, and does not exceed 30%
per started cycle (ESHRE, 2014). At the same time, according to recent estimations, infertility
affects nearly 48.5 million couples globally (Mascarenhas et al., 2012), and in approximately 25%
of cases, the exact cause of reproductive failure cannot be established (National Institute for Health
and Care Excellence (NICE), 2013). Furthermore, the demands for successful ART, especially in
post-industrial economies, are continuously growing under the pressure of an increasing prevalence
of age-related infertility due to the intentional postponement of parenthood (Schmidt et al., 2012),
and expansion of assisted reproduction into ‘non-infertility” indications. These indications include:
fertility preservation in patients undergoing gonadotoxic treatment for cancer and severe systemic
immune conditions (Oktay and Karlikaya, 2000), preimplantation genetic diagnosis (PGD) of
hereditary diseases (Handyside et al., 1992), PGD with human leukocyte antigen (HLA) genotyping
for conception of ‘saviour siblings’, who can donate bone marrow to a family member with a
haematological malignancy (Verlinsky et al., 2001). In addition, ART is being used for
minimisation of the risks of human immunodeficiency virus (HIV) transmission in HIV-discordant
couples (Marina et al., 1998). Collectively, these factors contribute to an acute demand for
increased success in ART, which cannot be achieved without the development of novel research
and clinical techniques to investigate, and selectively manipulate, the sensitive physiological

mechanisms underlying gametogenesis, fertilization and early embryo development.
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However, the goals of reproductive medicine are not limited exclusively to allowing the
conception and delivery of healthy offspring, but also encompass the wider concept of physical and
emotional patient well-being throughout their lives. Therefore, another current challenge in
reproductive medicine, equally relevant for other clinical fields, is that existing diagnostic and
therapeutic options for many chronic diseases, which ultimately lead to a significant reduction in
quality of life and/or infertility, do not interfere with the requirements of a ‘gold standard’ of care.
These requirements generally include simplicity, non-invasiveness, high diagnostic value, ability to
accurately detect diseases at early preclinical stages, and high therapeutic efficacy combined with
safety and minimal side effects. To address this challenge, numerous research groups are
investigating possibilities for the non-invasive detection and minimally invasive treatment of
reproductive pathologies, for example, endometriosis, uterine fibroids, or ectopic pregnancy, which
are currently believed to inevitably require surgical intervention at a certain stage, either for
diagnosis or treatment. Candidate approaches include the use of systemic biomarkers (May et al.,
2010; Van Gorp et al., 2011; Levy et al., 2013), along with improvement of the diagnostic accuracy
of non-invasive imaging techniques, such as ultrasound, computed tomography (CT) and magnetic
resonance imaging (MRI) (Ammar et al., 2012; Langer et al., 2012), as well as the selectivity of
pharmaceutical products targeting the reproductive system (Janat-Amsbury et al., 2009).

In summary, current approaches in reproductive medicine are becoming increasingly
fertility-sparing, with particular focus upon possibilities for the early non-invasive detection of
diseases (Fassbender et al., 2013; Levy et al., 2013; Senapati and Barnhart, 2013), thereby
permitting non-surgical or minimally-invasive surgical treatment to maximise the chances of
conception, either spontaneous or assisted (Lipskind and Gargiulo, 2013). The field of reproductive
biology is in need of more robust and targeted research tools to allow the selective and precise
manipulation of molecular and cellular mechanisms underlying reproduction to advance our
understanding of the multi-faceted issue of infertility. Therefore, it is not surprising that in the last

few years there has been a steady increase in the number of attempts to utilise the principles of
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nanotechnology for reproductive applications. It is anticipated that, similarly to other areas of
medicine, the use of nanomaterial-based techniques, with their revolutionary robustness and
targeting potential, will aid in the development of next-generation diagnostic and treatment

modalities to ultimately benefit patient care.

1.4. APPLICATIONS OF NANOTECHNOLOGY IN REPRODUCTIVE MEDICINE AND
REPRODUCTIVE BIOLOGY

Today, nanomaterial-based diagnostic and therapeutic approaches have been investigated
for a number of reproductive medicine and biology scenarios (Table 1-3). The majority of
publications describe the use of nanomaterials for the detection and targeted therapy of reproductive
cancers. However, a growing number of experimental studies assess the use of nanotechnology for
the diagnosis and treatment of non-cancerous conditions, including endometriosis (Lee et al., 2012;
Zhao et al., 2012; Wang et al., 2014), uterine fibroids (Ali et al., 2013b), ectopic pregnancy and
trophoblastic diseases (Kaitu'u-Lino et al., 2013), and in drug delivery systems (Cohen et al., 2011;
McGowan et al., 2011; Tomoda et al., 2012a; Tomoda et al., 2012b; Ali et al., 2013a). From the
fundamental reproductive biology perspective, nanomaterials are being applied as research tools to
manipulate gene expression in offspring (Yang et al., 2009; Kim et al., 2010b; Campos et al.,
2011a; Campos et al., 2011b; Yang et al., 2011), investigate molecular pathways in gametes and
early-stage embryos (Makhluf et al.,, 2008), or mark and select specific populations of
gametes (Table 1-3) (Barchanski et al., 2011; Feugang et al., 2012; Rath et al., 2013; Odhiambo et
al., 2014).

The use of nanomaterials for reproductive biology represents a much ‘younger’ field, with a
limited amount of specific evidence. Therefore, in Subsections 1.4.1. and 1.4.2. | will firstly
present practical examples of diagnostic and therapeutic uses of nanotechnology in a more applied
reproductive medicine setting, in order to demonstrate the key translational benefits of

nanomaterials for targeted delivery. Then, in Subsections 1.5.1 and 1.5.2., a brief review of the far
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smaller body of evidence concerning the use of nanomaterials for reproductive biology and,

particularly, the manipulation of gametes, will be presented.

Table 1-3— Applications of nanomaterials in reproductive medicine

Reproductive oncology Non-cancer conditions

Cancer detection: e Endometriosis
o Nanobiosensors for cancer biomarkers o Contrast agents for MRI
e Contrast agents for clinical diagnostic 0 Targeted delivery of experimental

imaging treatment agents, including gene
therapy
Cancer treatment: e Uterine fibroids

e Targeted delivery for improved efficacy and

decreased toxicity

o Combined therapy: simultaneous delivery of

therapeutic payloads

o Reversal of resistance to chemotherapy
Nanosensitisation:  potentiation of anti-
tumour effect of chemotherapy

o0 Nanosensitisation during minimally-
invasive surgery
0 Targeted delivery of experimental
treatment agents
Ectopic pregnancy and trophoblastic
diseases
0 Targeted delivery of chemotherapy

simultaneous exposure of cancer cells to drugs
nanomaterials Drug delivery systems
o Effective delivery of drugs with poor o Topical
biodistribution profile 0 Transdermal
e Experimental gene therapy o Transplacental
o0 Intravaginal

Table 1-4 — Applications of nanomaterials in reproductive biology

Gene therapy for reproductive diseases

Sperm-mediated gene transfer of genes and biological compounds

Direct intracellular delivery of biological compounds into oocytes and embryos

Selection of gametes and embryos
e Sex sorting of sperm
¢ Non-invasive bioimaging
e Labelling of pre-implantation embryos
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1.4.1. REPRODUCTIVE MEDICINE

1.4.1.1. Detection and treatment of cancer: nanobiosensors, contrast agents and targeted
delivery tools

Reproductive cancers represent one of the most commonly diagnosed malignancies in the majority
of geographic regions around the world. In developed countries, prostate cancer represents the
leading type of malignancy in males, and the second largest cause of cancer-related deaths (Office
for National Statistics, 2011; U.S. Cancer Statistics Working Group, 2013). According to global
data relating to females, reproductive cancer, including ovarian, uterine and cervical forms,
consistently remain among the twenty most prevalent and lethal (Office for National Statistics,
2011; U.S. Cancer Statistics Working Group, 2013).

Early diagnosis of cancer is crucial for adequate treatment success and acceptable survival
rates. However, as mentioned previously, many current screening approaches, particularly those
that are biomarker-based, fail to yield accurate, reproducible and, most importantly, quick and cost-
effective results. These concerns arise as a result of the sub-optimal sensitivity and specificity of
commonly applied biomarkers, as well as sophisticated design strategies and the high costs of
common laboratory immunoanalysers.

The use of nanobiosensors, which rapidly and directly transform the large number of
simultaneous biological events (binding and/or reaction) into electronic signals without additional
labelling steps, has proven advantageous in various fields of biodetection, including the
identification of antigens, proteins, nucleic acids, and reactive oxygen and nitrogen species
(Medina-Sanchez et al., 2012; Perfezou et al., 2012; Kumar et al., 2013). Recently, this approach
has been successfully attempted in reproductive oncology. Today, nanoparticle (NP)-based
biosensors are being widely introduced for the detection of well-characterised and novel cancer
biomarkers, including cancer antigen 125 and human epididymis secretory protein 4 for ovarian
cancer, and prostate-specific antigen for prostate cancer, respectively (Suwansa-ard et al., 2009;

Yuan et al., 2012). Current evidence universally supports the advantages of these label-free,
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straightforward, quick, portable, and cost-effective detection techniques, which can be used directly
at the ‘point of care’, in preference to conventional immunoassays (Thaxton et al., 2009; Medina-
Sanchez et al., 2012; Perfezou et al., 2012).

Diagnostic imaging, including CT, MRI and ultrasound scanning, forms the first-line
approach for the visualisation of cancer, and aims to establish the location of primary tumours along
with the detection of regional and systemic metastases in order to stage the disease. In this field,
nanomaterials are being increasingly considered as the next generation of image enhancers. Their
unique optical properties, along with the potential for active targeting towards malignant cells and
improved detection limits, result in major benefits compared to previous contrast agents (Wang et
al., 2008). The use of nanomaterial-based formulations, for instance super-paramagnetic iron oxides
and aptamere-conjugated gold NPs, has been extensively described in the treatment of prostate
cancer patients, particularly for the detection of small tumours and lymph node staging, both of
which represent a significant challenge for standard imaging approaches (Wang et al., 2008;
Thoeny et al., 2009; Kim et al., 2010a). More recently, a similar technique has been developed and
tested for the imaging of ovarian cancer (Zhou et al., 2013). Over the last few years, NP-guided
imaging of prostate cancer has progressed into the concept of image-guided therapy, which utilises
nanomaterials with contrasting properties, additionally loaded with a chemotherapeutic agent, for
precise and traceable drug delivery and release (Yu et al., 2011; Gao et al., 2012).

Nanomaterial-mediated delivery of chemotherapeutics permits marked improvements in
their efficiency, and also helps reduce systemic toxicity. Many studies have demonstrated the
potential of various types of NPs, such as derivatives of polylactic acid (PLA) and poly(lactic-co-
glycolic) acid (PLGA) (Dhar et al., 2008; Liang et al., 2011; Le Broc-Ryckewaert et al., 2013),
bovine serum albumin (Zhao et al., 2010), magnetic iron (Lee et al., 2013), and gold (de Oliveira et
al., 2013), functionalised with different targeting ligands, such as follicle-stimulating hormone
receptor-binding peptides (Zhang et al., 2013), folates (Zhao et al., 2010; Liang et al., 2011) and

aptamers (Dhar et al., 2008) to facilitate the delivery of chemotherapeutic agents into ovarian,
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endometrial and prostate cancer cells, which significantly potentiated their anti-tumour effects,
compared to their respective free molecules.

The use of nanomaterials for intracellular delivery can reverse the resistance of tumours to
chemotherapy via active targeting and the activation of alternative mechanisms of cellular uptake.
Liang et al. (2010) described the potential of metallofullerene NPs to overcome the resistance of
human prostate cancer cell lines to cisplatin via the reactivation of dysfunctional endocytosis (Liang
et al., 2010). Similar effects were described for a specific formulation of cisplatin, encapsulated in
F3 peptide-functionalised polyacrylamide NPs, and targeted specifically to ovarian tumour vessels
in an in vivo mouse model of human tumour vascularisation. The use of this formulation resulted in
strong anti-tumour activity, attributed to vascular necrosis, both in platinum-sensitive and platinum-
resistant cell lines (Winer et al., 2010). In another study, Nair et al. (2011) reported that the
encapsulation of letrozole, an aromatase inhibitor used to suppress oestrogen biosynthesis in post-
menopausal patients with hormone-responsive breast cancer, into hyaluronic acid-bound polymeric
(PLGA-PEG), NPs restored drug sensitivity in letrozole-resistant cells in vitro and in vivo via the
interaction of hyaluronic acid with CD44 receptors upon the tumour cell surface (Nair et al., 2011).
Collectively, these findings demonstrate that nanomaterial-mediated delivery can effectively alter
the pharmacokinetics and pharmacodynamics of common drugs for chemotherapy to overcome the
mechanisms of drug resistance.

In addition, the efficiency of anti-tumour therapies can be potentiated by the simultaneous
independent exposure of reproductive cancer cell lines to certain nanomaterials. The use of such
targeted sensitizers would allow us to use milder regimens of chemotherapy or irradiation, thereby
improving the safety and tolerability of these procedures, without compromising their anti-tumour
efficacy. Nanosensitisers, such as nanoparticulate magnetic iron oxide, gold nanoshells and gold
NPs, have been widely applied for selective thermal ablation and radiotherapy in patients with
prostate cancer since the mid-2000s (Johannsen et al., 2005; Stern et al., 2008; Roa et al., 2009).

More recently, Geng et al. (2011) reported that thio-glucose bound gold NPs (Glu-GNPs) exhibited
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a similar radio-sensitizing effect upon a human ovarian cancer cell line SK-OV-3. The use of these
NPs resulted in an approximately 30% increase in the inhibition of cell proliferation compared to
the irradiation alone, primarily due to the elevation of reactive oxygen species (ROS) production.
Similarly, Zhang et al. (2012) observed a sensitizing effect of carbon nanotubes to the
chemotherapeutic agent paclitaxel in the human ovarian cancer cell line OVCAR3, mediated
through the increase of apoptosis.

Nanomaterials allow the simultaneous targeted intracellular delivery of various types of
payloads absorbed on one type of nanocarrier, thus providing an effective means of combined
treatment for cancer. In a study by Qi et al. (2011), PLGA NPs were used to simultaneously deliver
a pro-apoptotic human PNAS-4 (hPNAS-4) gene and cisplatin into mouse ovarian carcinoma cells.
The authors reported significant anti-tumour activity associated with PLGA NPs loaded with
hPNAS-4, mediated through the induction of apoptosis and the suppression of cell proliferation and
angiogenesis. The anti-tumour effects of hPNAS-4-carrying PLGA NPs were further potentiated by
the simultaneous loading of cisplatin, thus highlighting the feasibility of using this combined
approach for cancer treatment.

Nanomaterial-mediated delivery can also increase the efficacy of anti-cancer
chemotherapeuticals and preventative agents, the previous use of which has been limited by poor
biodistribution and lack of specific affinity towards the malignant tissue (Nair et al., 2010). Several
groups have described the successful encapsulation of the chemopreventative agent (-)-
epigallocatechin 3-gallate into PLA-PEG or polysaccharide NPs, and subsequent delivery of the
formulation into prostate cancer cells (Rocha et al., 2011; Sanna et al., 2011). In a study by Long et
al. (2013), a PEGylated liposomal formulation of quercetin, a flavonoid compound with anti-free
radical and proposed anti-cancer activity, demonstrated significantly improved ability to suppress
tumour growth in models of human ovarian cancer, both in vitro and in vivo, that proved resistant to

conventional treatment with cisplatin, compared to free quercetin.
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Finally, nanomaterials are being increasingly investigated for targeted intracellular gene
delivery in experimental gene therapy approaches for cancer. The spontaneous uptake of
nanocarriers by target cells is associated with a number of benefits, compared to conventional
electro- and viral transfer. Nanomaterials combine the main advantages of viral vectors (such as
selectivity, non-invasive delivery, and stable expression of genetic constructs), with the main
benefit of electroporation using plasmid DNA (total avoidance of viral integration into the host
genome). In reproductive oncology, the use of nanovectors has been investigated for the
experimental gene therapy of ovarian, cervical and prostate cancer, pre-cancer cervical lesions, and
choriocarcinoma (Peng et al., 2013).

Numerous publications describe the use of dendrimers, polymeric and lipid NPs for the
delivery of suicide DNAs, tumour suppressor genes (p53), and short interfering RNAs (siRNAS)
against genes expressed in malignant phenotypes (heat shock protein 27, androgen receptors,
cofilin-1) into prostate cancer cells, resulting in anti-tumour activity (Peng et al., 2007; Liu et al.,
2009; Sharma et al., 2011; Perez-Martinez et al., 2012; Yang et al., 2012a). Several groups have
utilised PLGA and chitosan NPs to transfer short hairpin ribonucleic acids (ShRNAs) and siRNAs
into ovarian cancer cells, that were designed to interfere with the expression of target genes
associated with cancer phenotypes and metastatic progression, including focal adhesion kinase,
CD44, claudine-3 and Jagged1. In all cases, target genes were successfully knocked-down, resulting
in a pronounced anti-tumour effect, attributed to a reduction in cell proliferation and angiogenesis,
and a concomitant increase in apoptosis (Steg et al., 2011; Sun et al., 2011; Zou et al., 2013).

A similar approach was attempted by Yang et al. (2013), who also used chitosan NPs to
deliver siRNAs against the E6 and E7 oncoproteins of human papillomavirus into a cervical cancer
cell line. Inactivation of these proteins, which are currently held responsible for malignant epithelial
transformation and preservation of the malignant phenotype, resulted in significant induction of
apoptosis in target cells. Another study described the synthesis of magnetic iron oxide (Fe(3)O(4))-

dextran-anti-p-human chorionic gonadotropin (hCG) NPs and their successful use in
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choriocarcinoma tissue in an in vivo mouse model of disease, highlighting the potential use of this
system as a nanovector for the use of gene therapy in trophoblastic diseases (Jingting et al., 2011).

1.4.2. NON-CANCER APPLICATIONS: DIAGNOSTIC IMAGING AND ALTERNATIVES TO SURGICAL
TREATMENT

There is increasing awareness that treatment approaches in reproductive medicine should be as
fertility-sparing as possible (Gianaroli et al., 2012), since in the case of conditions with high
recurrence rates, for example endometriosis and uterine fibroids, repeated surgeries can reduce the
chances of spontaneous and assisted conception in the future, occasionally requiring third-party
reproduction (Bongioanni et al., 2011). Currently, several experimental nanomaterial-based
approaches have been investigated as a safer and less invasive alternative to standard diagnostic and
therapeutic techniques for the management of several traditionally “surgical’ reproductive diseases.
These studies highlight the growing trust of scientific and medical community into biomedical
nanotechnology, which is now expanding to more ‘benign’ and, therefore, more physiologically and

ethically sensitive scenarios.

1.4.2.1. Endometriosis

Endometriosis, a chronic gynaecological condition associated with the presence of endometrial-like
tissue outside of the uterine cavity, affects nearly 2-22% of women of reproductive age (Kennedy et
al., 2005; Johnson and Farquhar, 2007) and manifests with mild to severe pelvic pain and/or
infertility. In recent large-scale epidemiological studies, endometriosis has been proven to have a
profound negative impact upon health-related quality of life and work productivity, exacerbated by
an average delay in diagnosis, on all healthcare levels, of 7 to 10 years (Nnoaham et al., 2011;
Hudelist et al., 2012). Early non-invasive diagnosis of this disease remains highly challenging due
to the lack of sensitive serum biomarkers and limitations associated with the imaging techniques
used, such as ultrasound and MRI, in peritoneal endometriosis (Stratton et al., 2003; May et al.,

2010; Fassbender et al., 2013). Therefore, for more than 50 years, the gold standard of detection for
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ectopic endometrial lesions has been laparoscopy (Steptoe, 1969), an invasive procedure with
inherent surgical and anaesthesiological risks.

In a recent study, Lee et al. (2012) evaluated the performance of intravenously administered
ultra-small super-paramagnetic iron oxide NPs (USPIO-NPs) as MRI-signal enhancers in a rat
model of surgically-induced endometriosis. The authors hypothesised that the affinity of USPIO-
NPs towards macrophages could allow these NPs to be used as novel contrast agents, and extend
applications of MRI to the detection of ectopic endometrial lesions without a prominent
haemorrhagic component, such as pelvic adhesions or intraperitoneal implants. Results arising from
this study confirmed that the use of USPIO-NPs increased the diagnostic accuracy of MRI in the
detection of non-haemorrhagic ectopic endometrial lesions, and, therefore, represents a promising
strategy for the non-invasive diagnosis of endometriosis.

Endometriosis represents not only a diagnostic, but also a therapeutic challenge. Current
treatments, including surgical and medical hormonal approaches, are primarily symptomatic and
have a temporary effect, with pain recurrence rates after various treatments reported to range from
approximately 25% to nearly 50% (Kim et al., 2013a). A number of alternative approaches for the
management of endometriosis are currently being investigated, such as anti-angiogenesis and anti-
inflammatory agents, anti-cytokines, and gene therapy (Kennedy et al., 2005; Laschke and Menger,
2012; Lu et al., 2013), with several recent publications describing the use of nanomaterials in the
delivery of these experimental compounds.

In particular, Zhao et al. (2012) reported the use of lipid-grafted chitosan micelles loaded
with a therapeutic gene encoding pigment-epithelium derived factor, a multi-functional protein with
anti-tumour and anti-angiogenic properties, in gene therapy approaches for endometriosis. The
intravenous administration of micelles to rats with surgically-induced endometriosis resulted in
similar therapeutic efficiency as the commonly-used agent danazol, in terms of reducing the volume
of ectopic lesions and the inhibition of endometriod cyst growth, and demonstrated a significantly

stronger effect than placebo. In another study, Chaudhury et al. (2013) described the beneficial
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effects associated with the intraperitoneal administration of cerium oxide NPs with proven anti-
inflammatory, anti-angiogenic and anti-free radical properties in a mouse model of endometriosis.
These authors reported a reduction in the systemic levels of ROS and angiogenic factors (vascular
endothelial growth factor and adrenomedullin), along with a reduction in CD34 expression and
endometrial gland density in ectopic lesions, compared to an active control (N-acetyl-cystein) and

placebo.

1.4.2.2. Uterine fibroids

Uterine fibroids (leiomyomas) are benign hormone-dependent tumours originating from the
myometrial smooth muscle cells. Leiomyomas represent the most prevalent type of pelvic tumours
in women of reproductive age, and affect between 60% to 80% of the population (Laughlin et al.,
2010). Clinical manifestations of the disease include abnormal uterine bleeding, anaemia,
genitourinary symptoms and infertility, which collectively lead to a reduction in the health-related
quality of life (Williams et al., 2006). Current approaches to the treatment of uterine fibroids are
primarily surgical, comprising a range of techniques with an increasing degree of invasiveness:
focused ultrasound ablation, uterine artery embolisation, myomectomy and, finally, hysterectomy
(Falcone and Parker, 2013). In view of the fact that the prevalence of uterine fibroids decreases
dramatically in women aged over 30 years (Huyck et al., 2008), which coincides with the time of
first parenthood, the need for minimally invasive and fertility-sparing treatment approaches is being
increasingly recognised.

Nanomaterial-mediated delivery of anti-tumour cytokines has been investigated for the
improvement of selectivity and potentiation of the effects of minimally-invasive surgical removal of
fibroids. Jiang and Bischof (2010) reported the use of nanogold-conjugated tumour nectosis factor
alpha (TNF-a) as a nanosensitiser during cryosurgery for uterine leiomyoma in a mouse model of
disease. Although an improvement of anti-tumour efficacy and post-surgery relapse times was

observed after administration of both the nanoparticulate and free form of TNF-a, compared to
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cryosurgery alone, the nanoparticulate formulation demonstrated a superior safety profile, than
intra- or peri-tumour injections of free TNF-a.

An alternative approach was reported by Ali et al. (2013) and involved the use of PLA-
PLGA NPs for the delivery of 2-methoxyoestradiol, a biologically-active metabolite of oestradiol
with anti-tumour and anti-angiogenic activity, into a human leiomyoma cell line as an
investigational fertility-preserving alternative to hysterectomy. In a manner similar to other research
groups investigating the effects of nanomaterial-mediated delivery, these authors observed an
increase in anti-tumour activity of the nanoparticulate formulation of the drug, compared to the free

molecule.

1.4.2.3. Ectopic pregnancy

Medical management of early-stage ectopic pregnancies is being increasingly adopted in clinical
practice, particularly for patients with rare locations of extra-uterine pregnancy, such as the cervix,
the interstitial part of the fallopian tube, or post-caeserian scar (van Mello et al., 2012). In these
cases, fertility-preserving surgical treatment often represents a significant challenge, requiring the
use of alternative methods. Methotrexate, an anti-folate agent for chemotherapy with proven
affinity towards the trophoblast, is the treatment of choice for the medical management of ectopic
pregnancy (American Society for Reproductive Medicine (ASRM), 2008). However, treatment with
methotrexate is effective only in early gestational age, and often requires prolonged monitoring of
hCG levels and multiple administrations of the drug (American Society for Reproductive Medicine
(ASRM), 2008).

To overcome existing limitations in the medical management of ectopic pregnancy and
trophoblastic diseases, Kaitu'u-Lino et al. (2013) engineered bacterial-derived nanospheres
(EnGenelC Delivery Vehicles (EDVs)) actively targeted towards epidermal growth factor receptors
(EGRF), which are abundantly expressed in human placenta, and loaded the EDVs with
doxorubicin. EDVs represent a novel class of easily synthesised organic NPs with high loading

capacity, versatility and low toxicity, and are currently undergoing a phase I clinical trial. This
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engineered delivery system was characterized by high specific affinity towards the trophoblast,
which allows it to be used for the treatment of both ectopic pregnancy and trophoblastic diseases.
The administration of doxurubicin-loaded EGFR-targeted EDVs resulted in more pronounced anti-
tumour activity in a mouse model of human choriocarcinoma, compared to non-targeted
doxorubicin-loaded EDVs and the free drug. An increase in anti-tumour activity was attributed to
the increased intracellular uptake of EGFR-targeted EDVs and a higher rate of apoptosis, compared
to non-targeted EDVs. Based on the results of this study, the authors hypothesised that this new
delivery system could not only increase efficacy of the medical management of ectopic pregnancy
and trophoblastic diseases in future, but was also relevant for the delivery of placental-specific

drugs in general.

1.4.2.4. Drug delivery systems

Several studies report positive outcomes from the use of NPs in investigational drug delivery
systems for hormone replacement therapy (Tomoda et al., 2012a; Tomoda et al., 2012b), medical
treatment of foetal diseases in utero (Ali et al., 2013a), and topical intravaginal therapeutic agents
(Menjoge et al., 2010; Navath et al., 2011).

Tomoda et al. (2012) described the advantages of encapsulating oestradiol into PLGA NPs
for delivery through the stratum corneum of the skin. The same research group had previously
attempted a similar approach for the transdermal delivery of indomethacin with encouraging results
(Tomoda et al., 2012a). In both studies, nanoparticulate formulations of the products demonstrated
greater permeability, compared to free drugs, which was further enhanced by the simultaneous
application of physical factors (iontophoresis).

Ali et al. (2013a), for the first time, presented a prototype of a versatile trans-placental
delivery system for the medical therapy of foetal diseases. Previously, trans-placental penetration of
nanocarriers was repeatedly found to be regulated by their physicochemical properties, including
size, shape and surface chemistry, which creates immense opportunities for the manipulation of

their pharmacokinetics (Menezes et al., 2011; Refuerzo et al., 2011). Ali et al. (2013a) applied
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PLGA NPs loaded with dexamethasone in an in vitro model of human placental trophoblast cells as
an experimental treatment for congenital adrenal hyperplasia, and observed an increase in
permeability of the nanoencapsulated drug, compared to the free form, from the maternal to foetal
compartment. Further research in this direction could aid in the development of a trans-placental
delivery nanoplatform for the targeted medical therapy of foetal diseases in utero.

Another series of studies describe the use of a polyamidoamine (PAMAM) dendrimer-based
topical intravaginal delivery system to restrict the effect of antimicrobial drugs to the vaginal
compartment, which prevents the passage of drugs through the foetal membranes in pregnant
women with ascending genital infections, minimizing the risk of foetotoxicity (Menjoge et al.,

2010; Navath et al., 2011).

1.5. REPRODUCTIVE BIOLOGY

The sub-optimal success rates of ART, allowing the achievement of live birth only in only
approximately 1 in 3 couples initiating treatment (ESHRE, 2014), are generally attributed to two
key factors. Firstly, the conventional techniques used to select embryos to be transferred back into
the patient’s uterus have inherent limitations, since they are based exclusively upon the
morphological assessment of embryos, and not the evaluation of their chromosomal status and,
therefore, developmental potential in the long-term (Fragouli et al., 2014). Secondly, in vitro
handling of gametes and embryos, which forms an integral part of ART, has been reported to
induce microstructural and functional damage in these delicate structures, with consequential
reduction in developmental competency. There is mounting evidence that gamete processing in
vitro during ART also promotes the fragmentation of sperm DNA (Toro et al., 2009; Matsuura et
al., 2010; Rougier et al., 2013), reduces the levels of sperm-borne oocyte-activating factor
phospholipase C zeta (Kashir et al., 2011; Yelumalai et al., 2013), and facilitates oxidative stress in
unfertilized oocytes (Martin-Romero et al., 2008; Otsuki et al., 2009), all of which, in the case of
gametes with already compromised fertility, can have profound negative effects. Optimisation of in

vitro culture conditions, such as the supplementation of culture media with antioxidants, small
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molecules and growth factors (Kawamura et al., 2012; Yun et al., 2013; Tardif et al., 2014), or
embryo incubation in time-lapse monitoring systems, which do not require repeated interruptions of
culture for morphology assessment (Meseguer et al., 2012), has been reported to increase
gamete/embryo survival and improve developmental potential. These observations elegantly
indicate that the potential to improve ART success rates via the wider adoption of such approaches
is both exciting and necessary. Nevertheless, substantial breakthroughs in the field of clinical ART
can only be achieved via ongoing fundamental reproductive biology studies into the physiological
mechanisms underlying reproduction, enabling the discovery of targeted molecular tools to
investigate or manipulate these fine mechanisms at the cellular level. In this view, the universal
evidence that nanomaterials improve the selectivity and efficacy of cargo delivery across a variety
of cell types (Ryan and Brayden, 2014; Tsai et al., 2014) and do not compromise cell function,
render them particularly attractive candidates for intracellular delivery into reproductive tissues,

gametes and embryos.

1.5.1. GENE TRANSFER INTO REPRODUCTIVE TISSUES

Research into the specific mechanisms underlying reproduction is increasingly demonstrating an
association between various forms of previously unexplained infertility, such as specific types of
gonadal insufficiency (O'Flynn O'Brien et al., 2010; Cordts et al., 2011), failure of fertilization
(Amdani et al., 2013) and recurrent pregnancy loss (Su et al., 2011), and abnormal gene expression
and/or genetic polymorphisms. In view of these findings, targeted genetic modification of
reproductive tissues, allowing the production of transgenic gametes and subsequently embryos
could evolve into a powerful tool for studying and manipulation of the fine pathophysiological
mechanisms underlying infertility or, in a broader sense, any genetic pathology.

A series of studies have described successful in vivo intra-testicular gene transfer in rodents
using electroporation and viral vectors, resulting in the production of transgenic epidydimal sperm
(Muramatsu et al., 1997; Kubota et al., 2005; Coward et al., 2006). Several publications report that

intra-testicular and intra-ovarian gene transfer using viral vectors restores gametogenesis in mouse
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models of genetic gonadal failure (Ikawa et al., 2002; Kojima et al., 2008; Ghadami et al., 2010);
however data regarding the safety of such methodology remain highly contradictory (Raper et al.,
2003; Woods et al., 2006). Therefore, the availability of a technique, which is devoid of the
biological risks associated with traditional gene transfer approaches, could support research into
reproductive gene transfer as a possible treatment for specific forms of infertility in future (Lamb,
2008). From this perspective, spontaneous internalisation of nanovectors into target cells is
associated with a number of benefits, compared to conventional electro- and viral transfer. In
particular, nanomaterials combine the main advantages of viral vectors, such as high specificity and
non-invasiveness of delivery, with the key benefit of electroporation: an avoidance of viral
integration into the host genome, which renders them a viable alternative to traditional gene therapy
tools.

The feasibility of nanomaterial-mediated gene transfer into foetal tissues in utero for
investigating gene therapy for monogenic diseases was demonstrated by Yang et al. (2011). In this
pilot study, the authors utilised intra-amniotic injections of chitosan NPs conjugated with enhanced
green fluorescent protein (EGFP) gene into mouse embryos and observed expression of the
transgene in the alveolar epithelium of the lungs and the luminal intestinal epithelium, coinciding
with penetration of NPs through respiratory and gastrointestinal pathways. Expression of the
transgene, however, was temporary and localised exclusively to these tissues, justifying that further
research was required to optimise the techniques and timings of this procedure in order to achieve
more stable outcomes. In a more recent study, (Tseng et al., 2013) applied gelatine nanoparticles
loaded with a reporter plasmid pEGFP-C1 for gene transfer into chick embryos, and observed GFP
gene expression in embryos just 4 days after transfection. However, the stability of transgenesis
along with long-term safety outcomes has not been evaluated in this set of experiments, prompting

further investigations.
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1.5.2. INTRACELLULAR DELIVERY OF MOLECULAR COMPOUNDS INTO GAMETES

The use of molecular research tools, including oligonucleotides, nucleic acids, peptides, antibodies,
fluorescent markers and small molecules, forms the cornerstone of experimental studies in
developmental and reproductive biology. These tools allow the precise mapping of specific cellular
structures and molecular pathways, and tracking of their activity and fate at the different stages of
gamete/embryo development. However, this seemingly straightforward approach, which is
universally applied for experiments in biology, is associated with substantial challenges when used
for studies of gamete structure and function in vitro. These highly specialised cells, especially in
their mature form and after isolation from the natural microenvironment, acquire remarkable
resistance towards the uptake of exogenous compounds. The specific molecular structure of the
sperm membrane, characterised by an increased proportion of polyunsaturated fatty acids and the
presence of rare ether-linked phospholipids, plasmalogens (Lenzi et al., 2000; Tapia et al., 2012),
along with high structural and functional compartmentalisation (James et al., 2004) and low activity
of endocytotic processes (Jones et al., 2013), render sperm a particularly difficult target for the
intracellular delivery of investigative compounds in vitro. Similarly, the oocyte, throughout its
maturation in vivo, maintains an intimate relationship with the surrounding cumulus cells which
deliver essential nutrients into the oocyte via a system of gap junctions between the long cumulus
cell processes penetrating the zona pellucida and the oocyte plasma membrane (Eppig et al., 2005).
Studies of oocyte structure and function in vitro often require the mechanical removal of these
surrounding nurturing cells to facilitate visualisation of the female gamete, and, subsequently,
compromise the physiological mechanisms of cargo internalisation.

In its current form, the in vitro intracellular delivery of research compounds into gametes,
and particularly into sperm, often requires the use of powerful membrane-disrupting agents, such as
cholamidopropyl-dimethylammoniopropanesulfonate hydrate (CHAPS), Tween 20 and Triton X-
100 (Jakop et al., 2009) with subsequent fixation, which renders gametes entirely unsuitable for

further use (Garcia-Vazquez et al., 2009; Yamauchi et al., 2012). Consequently, this approach does
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not allow for the evaluation of how differences in gamete structure relate to their functionality,
especially the ability to initiate and sustain normal embryo development. Improvement of
intracellular delivery into gametes in a non-aggressive fashion and without effects upon
developmental potential is, therefore, pre-exquisite for the improvement of our existing knowledge
of reproductive biology, and, consequently, the advancement of ART.

From a rather more applied perspective, tools for efficient and non-damaging intra-gamete
delivery could hold a therapeutic promise for patients with infertility caused by specific molecular
deficiencies in gametes, for example deficiency of the sperm-borne oocyte activating factor
phospholipase C zeta (PLC(), resulting in oocyte activation failure post-fertilization, even following
ICSI (Amdani et al., 2013). Similarly, these tools could be used in applied ART to supplement
gametes with fertility-enhancing compounds, either promoting sperm motility or protecting gametes
from deterioration during long-term culture in vitro (Kawamura et al., 2012; Yun et al., 2013;
Tardif et al., 2014), especially for such indications as the in vitro maturation of oocytes or the in
vitro culture of oocytes from primordial follicles for experimental fertility preservation programmes
(Telfer and McLaughlin, 2012). The versatility and large loading capacity of nanomaterials, along
with evidence of spontaneous internalisation into a variety of cell types, render them attractive
candidates for intra-gamete delivery of biological compounds in diverse research and therapeutic

scenarios.

1.5.2.1. Sperm-mediated transfer of genes and/or biological compounds

One of the promising applications of nanomaterials in reproductive biology is to enhance the
efficacy of sperm-mediated gene transfer (SMGT). During SMGT, sperm spontaneously
incorporate exogenous DNA during simple co-incubation and serves as a natural vector for
transfection of the oocyte and, therefore, a developing embryo, via IVF (Figure 1-5) (Brackett,
1971; Lavitrano et al., 1989). SMGT is used to breed transgenic animals applied as pre-clinical
models of human diseases, bioreactors for pharmaceutical products, and in xenotransplantation

experiments (Parrington et al., 2011). In many livestock species, including cows, pigs and sheep,
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SMGT is reported to be more cost-effective than conventional genetic modification, which
historically, has involved complex micromanipulation procedures, and the injection of foreign DNA
into the pronucleus of a fertilized egg, or the injection of a genetically-modified embryonic stem
cell population into the inner cell mass of the blastocyst (Parrington et al., 2011). Nevertheless, the
overall reproducibility of this technique remains questionable, with large variation in the reported
rates of successful exogenous DNA uptake by sperm and expression of the transgene in the

offspring (Oddi et al., 2012; Eghbalsaied et al., 2013).
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Figure 1-5—- Sperm-mediated gene and compound transfer. A-C) Sperm spontaneously bind, internalise
and incorporate exogenous DNA into the genome upon incubation in vitro. D-E) The construct is
subsequently delivered into the oocytes at the time of fertilization. F) Transgenic/mosaic embryos are
produced. Nanomaterial-mediated delivery is a promising technique to increase the efficiency of sperm
transfection and internalize into sperm alternative molecular compounds (proteins, antibodies, fluorescent
markers), which can target specific physiological processes in the oocytes and early stage embryos for
investigative purposes.

Several studies show that adsorption of exogenous DNA on nanocarriers improves the
efficacy of construct internalisation into sperm for SMGT (Kim et al., 2010b; Campos et al.,
2011a). Kim et al. (2010) described more than a 2-fold increase in plasmid DNA uptake by boar

sperm after its simultaneous exposure to an enhanced green fluorescent protein (EGFP) gene
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construct and magnetic iron NPs, compared to the plasmid DNA combined with only lipofectamin.
This effect was further potentiated by the application of a magnetic field, resulting in an almost 3-
fold increase of exogenous DNA uptake, compared to lipofection. This construct was successfully
transferred via SMGT into fertilized oocytes, as evidenced by the expression of EGFP in morulae
and blastocysts. Similar results were obtained in a more recent set of experiments. Specifically,
Campos et al. (2011) used a commercially available nanopolymer along with halloysite clay
nanotubes to deliver an EGFP construct into bull sperm (Campos et al., 2011a). The use of both
types of nanocarriers resulted in an almost 4 fold increase in DNA uptake, compared to
lipofectamine, and a 5-fold increase compared to free plasmid DNA. However, despite the
successful PCR-based detection of the EGFP construct in embryos produced after using sperm
loaded with exogenous DNA, none of the resultant embryos expressed EGFP (Campos et al.,
2011a).

In theory, and in a manner similar to SMGT, sperm could be used to deliver alternative
biological cargo into the oocyte such as proteins, peptides, antibodies, fluorescent markers, or, in a
broader sense, any agents designed to suppress, enhance, or detect endogenous biological activity.
From the research perspective, this approach could provide invaluable insight into the physiological
pathways associated with fertilization and early embryo development. Preliminary work in this
direction has been carried out by Makhluf et al. (2008), who synthesised polyvynylalcohol-coated
magnetic iron oxide NPs coupled with an antibody towards protein kinase C (antiPKC-Ab) and
delivered them inside bovine sperm without the antibody losing functional activity. However, this
technique continues to remain controversial due to an absence of data regarding the functionality of
sperm loaded with an exogenous biological agent. Currently, the use of such sperm for IVF has not
been reported, and therefore, prediction of their fertilization potential, and capability of delivering

and releasing the agent into the oocyte, is not possible, unless relevant studies are carried out.
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1.5.2.2. Direct intra-cellular delivery of molecular compounds into oocytes and embryos

The use of nanomaterials loaded with putative molecular compounds, supporting the development
and function of oocytes and pre-implantation embryos, could represent a valuable addition to
existing in vitro culture systems. Although these potential applications have not been extensively
studied, there is a series of reports concerning the beneficial effects of silver, heparan sulfate-
conjugated gold and diamond nanoparticles upon the metabolic rate and anabolic processes, in
particular associated with myogenesis, in chicken embryos after injections into the fertilized egg
(Zielinska et al., 2011; Pineda et al., 2012; Grodzik et al., 2013). Although the precise molecular
mechanisms of these effects remain to be elucidated, these studies have already given rise to the
concept of embryo ‘nano-nutrition” as a means to supplement the quantitative and qualitative
deficiencies of endogenous nutrients, stored in the female gamete, and promote more favourable

developmental profiles.

1.5.2.3. Selection of gametes and embryos
The use of nanoparticles to target specific markers, unique to selected cell populations is being
increasingly investigated for cell sorting purposes. Since NPs demonstrate improved optical
properties and greater internalisation potential, they have been recently proposed as an alternative to
traditional fluorophores for flow cytometry and fluorescent-activated cell sorting (FACS)
(Chattopadhyay et al., 2010). This concept has been explored in reproductive biology, and several
recent publications report the use of NPs to label populations of gametes in a specific manner.
Barchanski et al. observed the internalisation of gold NPs functionalised with a cell-penetrating
agent into mammalian sperm, an approach that can be implemented in future for bioimaging
applications in reproductive research (Barchanski et al., 2011; Barchanski et al., 2015).

In addition, a substantial body of research is currently investigating the potential to apply
noble metal NPs, which are capable of recognising and binding with specific DNA sequences on

the sex chromosomes, for high-throughput sex sorting of sperm in livestock breeding (Taylor et al.,
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2010b; Barchanski et al., 2011; Rath et al., 2013). Research in a similar direction was implemented
by Feugang et al. (2012) who reported the possibility of labelling boar sperm with
CdSe/ZnS quantum dots conjugated with an arginine-rich cell penetrating peptide and a luciferase
enzyme to permit bioluminescence (Feugang et al., 2012). Sperm labelling was not shown to affect
sperm membrane integrity or fertilization potential, indicating favourable biocompatibility of the
nanomaterial with gametes. This experimental approach, therefore, has been proposed for in vivo
tracking purposes in reproductive biology studies to investigate sperm transport utilizing
fluorescence endo-microscopy.

Nanomaterials have also been evaluated as potential ‘tags’ for preimplantation embryos in
IVF for identification purposes. (Fynewever et al., 2007) applied and microinjected polysterene and
polyacrylonitrile NPs into mouse embryos for external and cytoplasmic tagging, respectively. This
study provided valuable insight into the variability of developmental effects of nanomaterials in an
embryo, depending upon their specific spatial localisation. While external attachment of polysterene
NPs to the zona pellucida of mouse embryos did not affect their development, intracytoplasmic
injections of the same NPs resulted in a reduced proportion of developing embryos, compared to
control groups. Negative effects of polyacrilonitrile NPs were more pronounced, and affected

embryo development, both after intracytoplasmic microinjection and simple exposure.

1.6. CONCERNS ASSOCIATED WITH THE USE OF NANOBIOTECHNOLOGY FOR
REPRODUCTIVE MEDICINE AND BIOLOGY

Despite mounting evidence of the superiority of nanobiotechnological methods in a variety of
clinical applications, this approach remains inseparable from concerns relating to the potential risks
of the systemic and local toxicity of engineered nanomaterials. Nanocarriers are able to accumulate
in organs, tissues and intracellular structures, and, in theory, can cause long-term metabolic,
immune and carcinogenic effects (Petros and DeSimone, 2010; Kunzmann et al., 2011). In contrast

to the treatment of cancer, where local cytotoxicity of nanomaterials is a neutral feature, because the
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primary goal of treatment lies in the destruction of the affected cell population, in non-cancer fields
of nanomedicine, this effect is extremely undesirable.

Concerns over the potential long-term negative effects of biomedical nanomaterials are
further increased in the field of reproductive medicine and biology. Reproductive tissues and
gametes represent highly specialised and sensitive biological systems with the essential function of
transmitting genetic information to the offspring. Whereas nanomaterial accumulation in somatic
cells can result in inflammation and, potentially, carcinogenesis, accumulation in reproductive cells
can impair fertility and affect the resulting offspring (Taylor et al., 2012). Nanomaterials used in
reproductive medicine should, therefore, be entirely devoid of acute toxicity and the capability to
induce long-term trans-generational effects. Moreover, they should not affect the viability and
functionality of gametes/embryos, packaging and integrity of DNA, gene expression profiles,
protein biosynthesis, energy production, cell division, or induce apoptosis, the release of ROS, or
promote alternative mechanisms of cell breakdown.

Assessment of nanotoxicity represents a significant challenge, since the mechanisms
governing interaction of nanomaterials with cells and their final effects depend upon a combination
of factors, including physical and chemical properties of the nanocarrier (size, surface charge,
coating, presence of functional groups) and morphological/physiological features of the particular
target cell population. Since reproductive tissues and gametes are characterised by unique structure
and functions, and safety and efficacy of nanomaterials, when applied in this delicate system, can
fundamentally differ from those observed in somatic cells.

Unfortunately, detailed nanotoxicology studies involving reproductive tissues and gametes
have yet to be carried out. At present, biocompatibility with mammalian sperm has been
demonstrated for only a limited number of nanomaterials: magnetic iron NPs (Ben-David Makhluf
et al., 2006; Kim et al., 2010b), halloysite clay nanotubes and commercial nanopolymer-based
transfectants (Campos et al., 2011a), a specific type of CdSe/ZnS quantum dots (Feugang et al.,

2012). At the same time, data regarding the toxicity of nanogold, one of the most commonly used
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and inert nanomaterials, in sperm remain highly contradictory. While several research groups have
observed detrimental effects of exposure to nanoparticulate gold upon motility, morphology and
DNA integrity of mammalian sperm (Wiwanitkit et al., 2009; Skuridin et al., 2010; Taylor et al.,
2010b; Taylor et al., 2012), others have failed to detect any effects of this nanomaterial upon sperm
functionality, unless extreme concentrations were applied (Moretti et al., 2012). It should, however,
be noted that collective interpretation of these findings remains difficult due to the use of various
sources, synthesis procedures and modifications of NPs, as well as different protocols of exposure
and toxicity assays (Taylor et al., 2014c).

Regarding the effects of nanomaterials upon embryo development, numerous publications
support the biocompatibility of chitosan, CdSe/ZnS quantum dots, and externally applied
polysterene NPs with early embryogenesis in mammals (Fynewever et al., 2007; Ema et al., 2010;
Yang et al., 2011). However, even slight modifications in the physicochemical properties of NPs,
and their delivery route, can dramatically alter their safety profiles. For instance, Fynewever et al.
(2007) showed that while the external application of polysterene NPs to mouse embryos does not
compromise early embryo development, intracytoplasmic injection of the same NPs induces
developmental toxicity (Fynewever et al., 2007). Similarly, removal of ZnS coating from the
surface of CdSe quantum dots affects the maturation profiles of mouse oocytes in vitro, and
increases mortality rates in early post-implantation embryos (Hsieh et al., 2009).

Another significant concern is that successful nanomaterial-mediated delivery requires the
penetration of nanocarriers into the target cell. Nanomaterial uptake by gametes and reproductive
tissues can differ from that by somatic cells due to their unique structure and function. These cells,
particularly gametes, lack strong endocytotic mechanisms, and generally have low physiological
permeability to foreign substances. For instance, the sperm plasma membrane contains a
significantly higher proportion of unsaturated fatty acids, compared to most somatic cells. These
chains are crucial for membrane fluidity and elasticity, thus promoting active cell movement (Tapia

et al., 2012). In sperm, the plasma membrane also bears a stronger negative charge, demonstrates
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limited permeability to exogenous molecules, and exhibits an increased degree of functional
compartmentalisation (Parrington et al., 2007). Consequently, even those nanomaterials with
proven uptake by a variety of somatic cells, for instance nano-gold, are not readily internalised into
sperm (Taylor et al., 2010a), who failed to deliver gold NPs, rapidly uptaken by a variety of cell
types, into sperm. Similar findings were obtained by other research groups, who observed that
binding of various NPs to the sperm surface represented the preferential type of interaction, with
intracellular uptake observed for a much smaller proportion of the NPs (Makhluf et al., 2008; Kim
et al., 2010b; Feugang et al., 2012; Taylor et al., 2014a; Barchanski et al., 2015). Interestingly,
most publications have emphasised that the lack of cellular NP internalisation did not compromise
the performance of the specific research techniques investigated. This could suggest that although
the mechanisms of cellular uptake in sperm are not sufficient for internalisation of a nanocarrier,
transmembrane penetration of the payloads can still occur.

In the case of oocytes, cellular transport throughout the maturation stages occurs via the
transzonal projections of adjacent granulosa cells, which penetrate the zona pellucida and terminate
at the oocyte plasma membrane. At present, it remains unclear whether nanomaterials can
spontaneously cross the zona pellucida via transzonal channels and internalize into the oocytes
(Courbiere et al., 2013), and moreover, what the “fate’ of internalised nanomaterials would be
during embryo cleavage.

Collectively, these concerns justify further detailed studies into the nanoxocitity of
candidate nanomaterials for reproductive applications, since these tools could form a highly
valuable addition to the field of reproductive biology, markedly increasing the success rates of

techniques associated with internalisation of compounds into gametes.
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1.7. MESOPOROUS SILICA AS A POTENTIAL DELIVERY TOOL FOR REPRODUCTIVE
APPLICATIONS

Mesoporous silica originates from a special class of synthetically modified colloidal silica with
highly ordered mesoscale-sized pores (2-50nm) (Kresge et al., 1992), which began to receive
attention as a promising tool for targeted drug and gene delivery, bioimaging, and tissue

engineering, since the early 2000s (Vallet-Regi et al., 2007) (Figure 1-6).

Figure 1-6— Mesoporous silica nanoparticles with various diameters: scanning electron
microscopy. (a) 50 nm. (b) 100 nm. (c) 200 nm. (d) 440 nm. (Adapted from Gan et al., 2012).

Today, mesoporous silica is universally recognised as a powerful biomedical nanomaterial,
and a solid body of evidence now supports its low cytotoxicity across a variety of cell types (Yang
et al., 2012b). Mesoporous silica is characterised by a number of features, which make it
particularly attractive as a targeted delivery vector for reproductive biology (summarised in

Table 1-5).



Chapter 1. Mesoporous silica as a potential delivery tool for reproductive applications. 44

Table 1-5 — Mesoporous silica: main benefits for reproductive biology

Feature Benefits

Robustness Stable cytoplasmic/surface tag for cell proliferation, differentiation and migration
studies

Chemical inertness Minimisation of free radical-associated cell damage

Versatility and ease of Reduced need for large-scale synthesis

production

Porous architecture Lower dose of nanocarrier to carry the required dose of cargo

Encouraging safety Expected long-term safety for highly-specialised cells

profiles

Firstly, mesoporous silica is robust, and, therefore, has an increased likelihood to persist in a
targeted cell population after internalisation, compared to organic biodegradable materials. Hence,
fluorescent modifications of targeted mesoporous silica can be used as highly-selective
cytoplasmic/surface cell tags with which to investigate patterns of cellular proliferation,
differentiation, and migration in cell tracking studies (Huang et al., 2005), which represent the
cornerstone of reproductive biology and stem cell research. Secondly, mesoporous silica is
chemically inert, and is not prone to induce free radical formation when internalised inside cells,
unlike, for example, magnetic iron oxides. This minimises the risks of free radical-associated DNA
damage in gametes and early stage embryos — a proven cause of aberrant embryo development,
implantation failure and recurrent spontaneous abortion (Robinson et al., 2012). In fact,
mesoporous silica has even been shown to suppress the production of ROS in a model of malignant
growth — a finding necessitating further investigation, particularly in a reproductive biology setting
(Huang et al., 2010). Thirdly, this nanomaterial is highly versatile, but, at the same time, relatively
easy to manufacture. Indeed, mesoporous silica can be modified with specific features (size, pore
architecture and diameter, surface functionalities/coatings, fluorescent labels) by a series of
reasonably straightforward and inexpensive wet-chemistry reactions without significant
implications to overall cost (Gan et al., 2012).

Furthermore, the unique porous structure of this nanomaterial rapidly increases its total
surface area, and, therefore, loading capacity. In addition, it allows the absorption of functional

cargo both on the surface and inside the pore channels, protecting payloads from degradation and
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preventing off-target escape. Mesoporous silica has high structural integrity, and large amounts of
payloads can be attached to silica scaffold without its disruption (Rosenholm et al., 2012). This
minimises the dose of nanovector required to deliver required amounts of biological cargo, and thus
avoids the over-exposure of highly specialised and sensitive reproductive tissues and gametes.
Ultimately, the primary function of these highly specialised cells is to transmit genetic material to
the offspring and are widely known to be vulnerable to sub-optimal culture conditions (temperature,
light, oxygen tension, culture media), when handled in vitro. Finally, although mesoporous silica
has been extensively studied in a variety of somatic cell types, data regarding its biocompatibility
with gametes is lacking, which, alongside its other promising features, renders it an interesting

subject for the specific research described in this thesis.

1.8. ASPECTS OF GAMETE STRUCTURE AND BIOLOGY RELEVANT TO THIS THESIS

The majority of experiments, described in this thesis, involved evaluation of effects of MSNPs upon
sperm structure and function using the boar and human models. A smaller subset of experiments
evaluated the use of MSNPs in mouse oocytes — the most conventional model in reproductive
biology. Given the small number of these experiments and the fact that they did not aim to provide
in-depth assessment of effects of MSNPs upon oocyte function, details of mouse oocyte
morphology and function will not be discussed in this subsection.

Boar sperm are traditionally used in reproductive biology as a model for human sperm,
given their morphological and functional similarities. Same as human sperm, boar sperm contain
three distinct morphological regions: head, midpiece and tail — and are obtained via ejaculation,
which ensures that epidydimal maturation had already taken place. In addition, boar sperm
represent an important subject reproductive biology studies themselves, given the wide introduction
of assisted reproduction techniques into breeding of farm animals.

The ejaculated boar and human sperm consists of a compact head (oval-shaped for boar and

paddle-shaper for human), acrosome, which comes in close contact with the nucleus, prominent



Chapter 1. Mesoporous silica as a potential delivery tool for reproductive applications. 46

mitochondrial sheath and tail (Figure 1-7A). Comparison of dimensions of normal mature boar and

human sperm is presented in Table 1-6.

Table 1-6 — Physical dimensions of normal mature boar and human sperm: comparative analysis

Boar (Bonet et al., 2013) Human (Hafez and Kenemans, 2012)

Sperm length 45 um 48 um
Head
Length 7.0 um 4.5 um
Width 3.7 um 3.0 um
Thickness 0.4 pm N/A
Tail 37.4 ym 43.8 pym
Midpiece
Length 9.0 um 5-7 pum
Width 0.7 um 1 um
Principal piece
Length 26.2 um 45 um
Width 0.4 um Decreasing
Terminal piece
Length 2.2 um 5 um
Width 0.2 um Thinner than the principal piece

Acrosome

Nucleus HEAD
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Figure 1-7 — Morphology of boar and human sperm. A) Boar. B) Human. Boar and human sperm share
substantial morphological similarities: the head contains the nucleus and the acrosome, and the tail consists
of three regions: the midpiece, the principal piece, and the terminal piece. A short linking segment between
the head and details if often referred to as connecting piece (or neck). Boar sperm have slightly larger and
more oval-shaped heads compared to human sperm, and shorter tails which approximate 80% of the total
sperm length versus 90% in humans (images sourced from Bonet et al. (2013) and www.who.int (accessed
on 4 December 2015)).
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As mentioned previously, sperm represent a subset of cells with highly specialised
morphology and function. Although sperm contain organelles, which are characteristic of any cell
type, for example, the nucleus and plasma membrane, the structure of these organelles can differ
substantially from that in somatic cells. A general outline of the differences between structure and
function of intracellular organelles in sperm compared those in somatic cells, and their relevance for
intracellular uptake of cargo, is presented in Table 1-7.

Table 1-7 — Structural and functional differences between intracellular organelles in sperm and
somatic cells

Key differences Relevance for intracellular uptake of
molecular cargo
Nucleus e Chromatin packaging by protamines ensures e  Low accessibility of the nuclear
tight compaction in small space and low compartment in mature sperm
accessibility of chromatin to external factors e  Low efficacy of spontaneous
o Nuclear envelope is largely devoid of integration of molecular cargo
nuclear pore complexes (Ho and Suarez,
2003)
Cytoplasm e Almost redundant (is gradually removed e ‘Lack’ of space for uptake of large
during the process of spermiogenesis) extracellular cargo
e Cytoplasmic compartment in the sperm head e Challenges associated with free
is reduced to perinuclear theca (PT) — a rigid migration of molecules within the
structure containing cross-linked structural cytoplasm and their incorporation
proteins and other protein molecules into intracellular pathways
Plasma e Organised into lipid domains, which display e Interaction with cargo can be limited
membrane differences in fluidity and lipid content by the localisation and size of
o High degree of mosaicism with regards to relevant domains
domain distribution, surface antigens and e Targeting towards surface receptors
charge can inadvertently block fertilization
e Constantly undergoes structural and potential

functional reorganisation during transit
through the make and female reproductive
tract

1.9. AIM OF THIS THESIS

Recent progress in biomedical nanotechnology has transformed the concept of targeted biological
delivery, allowing the engineering of complex biocompatible nanoscale-sized platforms with high
loading capacity, stability, highly selective affinity, and potential for simultaneous diagnostic and
therapeutic applications. These versatile delivery vehicles with spontaneous internalisation into

target cells can hold great promise for the field of reproductive science and medicine, and may
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represent elegant targeted tools for clinical and/or research application. Such tools could
substantially improve performance of reproductive science techniques, based upon the
internalisation of molecular compounds into reproductive tissue and gametes. These techniques
include, but are not limited to, gene transfer into reproductive tissues, sperm-mediated gene/
compound transfer into the oocyte, direct supplementation of gametes with fertility-enhancing
compounds in vitro, and highly selective labelling of gametes for sorting or bioimaging. The use of
nanomaterials as delivery platforms for these methodologies could help achieve physiological and
safe uptake of large amounts of different molecular cargo types, and bypass the need for aggressive
chemical agents or viral vectors. Mesoporous silica, combining the features of robustness, chemical
inertness, large loading capacity and promising safety profiles, represents an attractive novel
candidate for use in reproductive science and medicine. However, its performance in gametes,
characterised by highly specialised morphology and function, has never been tested previously.

The primary aim of this project was to design a versatile mesoporous silica nanoparticles-
based 'platform’, capable of delivering different molecular compounds, such as nucleic acids,
peptides/proteins or fluorescent markers, into mammalian gametes during simple in vitro co-
incubation, which, at the same time, would not compromise gamete function, allowing the

subsequent use of these cells for fertilization.

To achieve this primary aim, the following study objectives were pursued:

1. In-house synthesis of fluorescent and non-fluorescent MSNPs in a surfactant-templated base-
catalysed sol-gel gel reaction, followed by optional surface functionalisation to permit
subsequent loading with molecular cargo (nucleic acids and proteins;), and physicochemical

characterisation of various modifications of synthesised MSNPs

2. Evaluation of the toxicity and spontaneous binding of various modifications of MSNPs with

mammalian gametes during co-incubation in vitro under conditions, similar to those used in the
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ART setting, to determine the appropriate incubation times and doses of MSNPs from the
perspective of safety/efficacy balance. These experiments were carried out using boar sperm
and mouse oocytes as well-characterised models for reproductive biology. In the case of
oocytes, the potential for assisted internalisation of MSNPs via micromanipulation techniques

was also assessed.

3. Optimisation of binding rates between MSNPs and sperm via the selection of MSNP-bound
sperm, via modification of the physico-chemical properties of MSNPs or via the active targeting

of MSNPs towards sperm.

4. Evaluation of the delivery potential of various modifications of MSNPs in previously optimised
doses for DNA and protein transfer into mammalian sperm during co-incubation in vitro under

conditions similar to those used in the ART setting.

5. Evaluation of toxicity, spontaneous binding of various modifications of MSNPs, and their
potential to deliver DNA into human sperm during co-incubation in vitro under conditions,

similar to those used in the ART setting.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

Key messages:

e This chapter presents a description of the general materials and methods used throughout
this thesis

e To facilitate clarity, detailed information regarding the specific experimental conditions and
particular tests applied only at certain stages of this thesis, is presented in the relevant
experimental chapters
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2.1. SYNTHESIS, FUNCTIONALISATION AND CHARACTERISATION OF MESOPOROUS SILICA
NANOPARTICLES (MSNPS)

2.1.1. SYNTHESIS OF MSNPS

Synthesis of MSNPs was performed in a surfactant-templated base-catalysed sol-gel reaction as
previously described by Hom et al. (2010) and Zhu et al. (2011). Essentially, the reaction is based
upon mixing of the templating agent cetyltrimethylammonium bromide or cetyltrimethylammonium
chloride (CTAB or CTAC) with silica source tetraethylorthosilicate (TEOS) in hot basic aqueous
solution (pH>7.0), followed by amine and phosphonate surface modification, and final removal of
the template via refluxing in acidic methanol (Figure 2-1). A summary of the types and surface
modifications of MSNPs, and types of cargo used in this project, as well as the main rationale for

the use of each kind of synthesised MSNPs, is presented in Figure 2-2.

t=40-80°C
CTAB/CTAC pH>7.0
(surfactant >
template)
CTAB
micelles
Amine and phosphonate
-NH2 groups surface modification
.

Refluxing
(methanol, concentrated
hydrochloric acid)

e,
Methyl TP
phosphonate

groups A OO
y @

Surfactant template Mesoporous silica nanoparticles

Figure 2-1- Surfactant-templated base-catalysed sol-gel MSNPs synthesis. Under high temperature
conditions and alkaline pH, the surfactant (CTAB or CTAC) assembles into micelles, around which the silica
scaffold is synthesized from a precursor (TEOS). Amine and phosphonate surface modification provides the
functional groups for cargo loading, and determines the surface chemistry. To remove the surfactant from the
pores, nanoparticles are refluxed in acidic methanol, which exposes the characteristic mesoporous structure
(MSNP image source: www.wikipedia.org, accessed on 27/07/2015).
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Figure 2-2 - Modifications of mesoporous silica nanoparticles (MSNPs) and types of cargo used in the project. The project primarily evaluated the
performance of MSNPs with a physical diameter >100 nm. MSNPs with a physical diameter <50nm were synthesised to evaluate the effects of particle size upon
gamete binding capacity, and exclusively applied for experiments described in Section 4.2.2. MSNPs were synthesised either in fluorescent form via the
incorporation of FITC into the silica scaffold to permit visualisation in gametes during fluorescence/confocal microscopy, or non-fluorescent form for subsequent
loading with cargo. Synthesised fluorescent MSNPs were optionally functionalised with PEI and APTES, representing the common surface modifications of
nanomaterials, permitting loading with nucleic acids or peptides/proteins, respectively. Surface coating of fluorescent MSNPs was carried out to visualise, how the
different surface chemistry of MSNPs affects toxicity and binding profiles with gametes, and compare the behaviour of ‘empty’ and ‘loaded’ vehicles in these cells.
Finally, non-fluorescent PEI- and APTES-coated MSNPs were loaded with fluorescent “prototypes’ of molecular cargo: fluorescent nucleic acid (lamin A/C siRNA)
or protein (mCherry) to visualise the effects of cargo loading upon the toxicity and binding of MSNPs with gametes. To evaluate the delivery capacity of MSNPs
into sperm, non-fluorescent PEI-coated MSNPs were loaded with plasmids (pHL-FcHis-mCherry or pDRIVE-HSP70-GFP), and APTES-coated MSNPs — with
mCherry. * Fluorescent C105Y cell-penetrating peptide was used as a targeting agent towards sperm.

MSNPs: mesoporous silica nanoparticles; FITC: fluorescein isothiocyanate, PEI: polyethileneimine; APTES: (3-aminopropyl)triethoxysilane; CPP: cell-penetrating
peptide.
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2.1.1.1. Reagents for the synthesis and functionalisation of MSNPs

Anhydrous sodium hydroxide (NaOH, >98%), hexadecyltrimethylammonium bromide (CTAB,
>99%), hexadecyltrimethylammonium chloride (CTAC, >98%), tetraethyl orthosilicate (TEOS,
98%), diethanolamine (DEA, >99.5%), 3-(trihydroxysilyl)propyl methylphosphonate (3-THPMP,
monosodium salt, 42 wt.% solution in water), fluorescein isothiocyanate (FITC, >90%), (3-
aminopropyl)triethoxysilane (APTES, >98%), polyethileneimine (PEIL, 50 wt.% solution in water,
MW 1.3kD, Mn 1,200g/mol), concentrated hydrochloric acid (HCL; 37.2 wt.% solution in water,
12.1M) and Dulbecco’s phosphate based saline (DPBS) were sourced from Sigma-Aldrich (UK).
Methanol (>99.8%) was sourced from Rathburn Chemicals (UK). Absolute ethanol (>99.8%) was

sourced from Riedel-de Haén (Germany).

2.1.1.2. Synthesis of MSNPs

A) Synthesis of MSNPs > 100 nm

In a round-bottomed flask, 0.1g of CTAB was dissolved in a mixture of 48ml double distilled water
(DDW) and 0.35ml of 2M NaOH. The solution was heated in a silicone oil bath to 80°C with
magnetic stirring. After the temperature had stabilised, 0.5ml of TEOS was added to the reaction.
After 15 minutes, 0.127ml of 3-THPMP was added, and the reaction stirred for 2 hrs at 80°C. The
solution was then cooled to room temperature (RT), and MSNPs were recovered and washed twice
with methanol via centrifugation. Particles were redispersed in a mixture of 40ml of methanol and
2ml of 12.1M HCL, and refluxed for 24 hrs at 80°C with magnetic stirring to remove CTAB. After
refluxing, MSNPs were recovered and washed twice in absolute ethanol via centrifugation, and
vacuum dried overnight.

To synthesise fluorescent MSNPs, FITC was introduced into the silica framework in the
form of FITC-APTES conjugate during the main reaction. The conjugate was prepared by mixing
100ul of APTES with 25mg of FITC in 5ml of absolute ethanol, and stirring magnetically for 12 hrs

under a dry nitrogen atmosphere. To produce fluorescent particles, 50ul of FITC-APTES conjugate
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was added to the reaction 10 minutes after 0.5ml of TEOS had been introduced. After 5 minutes,
0.127ml of 3-THPMP was added, and the remaining steps were carried out in accordance with the

standard procedure.

B) Synthesis of MSNPs <50 nm

Briefly, in a round-bottomed flask, 50.4ml of DDW, 6.3g of absolute ethanol, 1.82g of CTAC, and
0.14g of DEA were mixed and stirred magnetically in a heated silicone bath at 40°C for 30min.
Then 5.11mL of TEOS was slowly added into the mixture, followed by 100ul of FITC-APTES
conjugate 10 minutes after TEOS had been introduced. The reaction was stirred for a further 2
hours. The solution was then cooled to RT, and MSNPs were recovered and washed twice with
methanol via centrifugation. Particles were redispersed in a mixture of 40ml of methanol and 2ml of
12.1M HCL, and refluxed for 24 hrs at 80°C with magnetic stirring to remove CTAC. After
refluxing, MSNPs were recovered and washed twice in absolute ethanol via centrifugation, and

vacuum dried overnight.

2.1.1.3. Surface functionalisation of MSNPs with PEI

Functionalisation of the surface of MSNPs with the cationic polymer PEI aimed to reduce particle
agglomeration, improve cell interaction and provide a positively charged surface for electrostatic
binding of nucleic acids (Xia et al., 2009). To perform the coating, 5mg of dry MSNPs with a size
>100nm was redispersed in a mixture of 75ul of PEI and 30ml of absolute ethanol in a round-
bottomed flask, and stirred at RT for 1 hour. MSNPs were recovered and washed by centrifugation

in absolute ethanol and sterile DDW, and vacuum dried overnight.

2.1.1.4. Surface functionalisation of MSNPs with APTES
Coating of MSNPs with APTES aimed to provide amine groups for covalent cross-linking with
carboxyl groups of payloads (Can et al., 2009). To achieve this, MSNPs were redispersed in DDW

to a concentration of 10mg/ml, and APTES was added to 5% by volume. The reaction was stirred
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magnetically for 1 hour at RT. Coated particles were recovered and washed in sterile DDW by

centrifugation, and vacuum dried overnight.

2.1.1.5. Surface functionalisation of APTES-coated MSNPs with C105Y

For active targeting of MSNPs towards sperm, APTES-coated MSNPs were functionalised with
C105Y-TMR  fluorescent peptide (tetramethylrhodamine-CSIPPEVKFNKPFVYLI-CONH2,
Covalab, France) via the cross-linking of amine groups on the functionalised surface of MSNPs
with carboxyl groups of the peptide using 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride coupling agent (EDC, Fisher Scientific, UK). In brief, 2mg of APTES-
functionalised MSNPs were redispersed in 200ul of 0.1M 2-[n-morpholino]ethane sulfonic acid-
buffered saline (MES-buffered saline, Fisher Scientific, UK) and mixed with 200ul of C105Y-TMR
(2mM in 10% acetic acid, Sigma-Alrdich, UK). The resulting suspension was diluted with 1500ul
of 0.1M MES buffer, and 100ul of EDC (10mg/ml in DDW) was immediately added to the
reaction. The reaction was incubated for 2 hours at RT on a shaker plate. C105Y-TMR-
functionalised MSNPs were recovered through centrifugation, and redispersed in phosphate-
buffered saline (PBS, Oxoid, UK). Binding of C105Y-TMR with APTES-coated MSNPs was
confirmed by the calculation of peptide concentration in solution using spectrophotometric
measurements at 280nm before and after the reaction (BiophotometerPlus, Eppendorf, UK).

2.1.2. CHARACTERISATION OF MSNPs

For transmission electron microscopy (TEM), dry non-coated MSNPs were redispersed in absolute
ethanol, sonicated for 30s, and loaded on a TEM grid coated with lacey carbon film (Agar
Scientific, UK). Imaging was performed on a JEOL JEM-2010 analytical TEM (JEOL Ltd., Japan).
Acquired images were processed using Digital Micrograph 3.7.4 for GMS 1.2 Build 45 (Gatan Inc.,
Pleasanton, CA, USA). The physical size of the particles and diameter of pores, where available,
was measured in a minimum of 100 MSNPs with an anticipated diameter of >100nm and 50

MSNPs with an anticipated diameter of <50nm.
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For scanning electron microscopy (SEM), dry samples of non-coated MSNPs were dusted
onto a carbon taped SEM stub, and 3nm layer coating of platinum was applied. Nanoparticle size
and morphology was investigated using a JEOL JSM-840F SEM (JEOL Ltd., Japan). Images were

collected in the secondary electron (SE) imaging mode.

Unless specified otherwise, the hydrodynamic size of synthesised MSNPs (non-coated, PEI-
coated and APTES-coated) was analysed using a disc centrifuge (CPS DC24000, CPS Instruments
Europe, Netherlands), which determined the diameter of particles in solution based upon their
sedimentation profiles during centrifugation in a liquid gradient, or NanoSight. For disk centrifuge
analysis, particle size was measured at a disk speed 24,000rpm and pH 7.0. External calibration
with a kit calibration standard (0.377um-sized polyvinyl chloride latex particles dispersed in
distilled water, density 1.385g/ml; CPS Instruments, Netherlands) was performed before each test
to maintain accuracy.

Electrokinetic () potential of synthesised MSNPs (non-coated, PEI-coated and APTES-
coated) was measured using the dynamic light scattering (DLS) technique using a Zetasizer Nano
ZS (Malvern Instruments, UK). The Zetasizer recorded the phase/frequency shift of a laser beam
coming in contact with charged particles moving in the electric field to the oppositely charged
electrode, and converted their velocity to { potential. Measurements were performed at 25°C and

pH 7.0.

2.1.3. LOADING OF MSNPs > 100 NM WITH CARGO
2.1.3.1. Loading with nucleic acids (siRNA or plasmid DNA)

To load particles with nucleic acids, non-fluorescent PEI-coated MSNPs with a size >
100nm were redispersed in 1.0ml of nuclease-free water (Millipore, UK) to 1.5-2mg/ml
concentration. Fluorescent lamin A/C siRNA (siGLO Lamin A/C Control siRNA
(human/mouse/rat), Dharmacon RNAIi Technologies, Thermo Scientific, UK) was added to the
resulting MSNP dispersion to 0.2uM for siRNA; pHL-FcHis-mCherry (for transfer into boar sperm;

plasmid prepared earlier by a past member of the group Dr Junaid Kashir) or pDRIVE-HSP70-GFP
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(for transfer into human sperm; plasmid prepared by a current group member Miss Lien Davidson)
were added in a 10:1 mass ratio (MSNP:plasmid) (Figure 2-3). The mixture was incubated for
24 hrs at 4°C with rotation. MSNPs were recovered through centrifugation and redispersed in 1.0ml
of nuclease-free water. Loading was confirmed by calculation of nucleic acid concentration in
solution before and after the reaction via the measurement of absorbance at 260nm by

spectrophotometry (BiophotometerPlus, Eppendorf, UK).
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Figure 2-3 — Maps of plasmid vectors used for molecular cloning of mCherry and GFP sequences.
Plasmids were loaded onto PEI-coated MSNPs via electrostatic association and used for subsequent delivery
into sperm. A) pHL-FcHis vector used for delivery into boar sperm. The vector is based upon the pLEXm
backbone and contains a 3C protease cleavage site (in green) followed by the human IgGyl hinge and Fc
regions (blue) and finally a KHis6 tag (red), all cloned between the Kpnl site (purple) and the Xhol site
(black) (Aricescu et al. (2006)). B) pDRIVE-HSP70 vector used for delivery into human sperm
(available from www.invivogen.com, accessed on 14/09/2015).
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To evaluate the profile of pDNA adsorption on the MSNPs, spectrophotometric
quantification of free pDNA concentration in the supernatant was carried out at hourly intervals
during the first 6 hours of incubation, and then after 24 hours. Measurements were performed at
260nm in a minimum of three replicates.

To additionally confirm the loading of pDNA onto MSNPs, an agarose gel retardation test
was carried out. To perform this test, 10ul of a 2mg/ml suspension of PEI-coated MSNPs, loaded
with pHL-FcHis-mCherry, was mixed with 2ul loading dye (6X Orange DNA Loading Dye,
Thermo Scientific, UK) and loaded onto a 0.8% agarose gel (Agarose LE Analytical Grade,
Promega). The gel was prepared with tris-acetate-ethylenediaminetetraacetic acid buffer (TAE; Life
Technologies, UK) and pre-stained with ethidium bromide (final concentration: 0.5ug/ml, Fisher
Scientific, UK). An equivalent amount of free pHL-FcHis-mCherry was loaded onto the same gel
as a control. The gel was run in TAE at 90V for 1 hour, and imaged by a gel documentation system

(BioDoc-It, UVP, USA).

2.1.3.2. Loading with mCherry protein

A) Mammalian cell culture and mCherry expression

Transformed human embryonic kidney cells (HEK293T) were cultured under standard conditions
and seeded into 175cm? tissue culture flasks at a confluency of 30-50%. Transfection with pHL-
FcHis-mCherry was performed at 50-70% confluency using the jetPElI DNA transfection kit
(Polyplus-transfection SA, France) according to the manufacturer’s protocol. Cells were cultured in
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum (FBS), 1%v/v
5000U penicillin, 5mg/ml streptomycin, 2mM L-glutamine and sodium pyruvate (all reagents
sourced from Sigma-Aldrich, UK) for 24 hrs, after which the medium was changed to FBS-free.

B) Purification of mCherry protein

Culture media was collected on day 6 of culture, supplemented with phenylmethanesulfonylfluoride
(PMSF; Sigma-Aldrich, UK) and ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich, UK) to a

final concentration of 1mM, and centrifuged for 30min at 6,000g at 4°C. The supernatant was
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filtered through a 0.45um polyethersulfone membrane filter, and passed through a column
containing Protein A Sepharose beads (GE Healthcare Lifesciences, UK) to bind the Fc-tag. The
column was washed with 20 column volumes of PBS, followed by 10 column volumes of TNED
buffer (50mM Tris (pH 8.0), 150mM NaCl, 10mM EDTA, and 1mM diothiothreitol; all reagents
from Sigma-Aldrich, UK). 3C protease was added in 1 column volume of TNED buffer and left to
shake overnight to cleave the Fc-tag. Protein was eluted with TNE (50mM Tris (pH 8.0), 150mM
NaCl, 10mM EDTA). Purified protein identity was verified by liquid chromatography/mass
spectrometry (Professor Benedikt Kessler, Centre for Cellular and Molecular Physiology, Nuffield
Department of Medicine, University of Oxford, UK).

C) Loading of MSNPs with mCherry protein

Loading of APTES-coated MSNPs was performed via cross-linking of amine groups on the
functionalised surface of mesoporous silica with the carboxyl groups of mCherry protein using
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) coupling agent (Fisher
Scientific, UK). For EDC coupling, 2mg of APTES-functionalised MSNPs were redispersed in
200ul of 0.1M 2-[n-morpholino]ethane sulfonic acid (MES) buffer (Fisher Scientific, UK) and
mixed with mCherry protein dissolved in 1500ul 0.1M MES buffer. For experiments investigating
the potential for cargo loading onto MSNPs and effects of such loading upon MSNP binding with
sperm (Section 3.5.), MSNPs were mixed with mCherry in a 1:6 mass ratio. For experiments
investigating the delivery capacity of MSNPs as cargo transporters into sperm (Section 5.3.4.),
MSNPs were mixed with mCherry in a 2:1 mass ratio. Then, 10mg of EDC was dissolved in 1ml of
DDW, and 100ul of the solution was added immediately to the MSNP-mCherry mixture. The
reaction was incubated for 2 hours at RT on a shaker plate. MSNPs were recovered through
centrifugation, and redispersed in PBS. Loading was confirmed by calculation of protein
concentration in solution before and after the reaction via the measurement of absorbance at 650nm
by spectrophotometry (BiophotometerPlus, Eppendorf, UK) using the Bio-Rad DC Protein Assay

kit (Bio-Rad, UK) in accordance with the manufacturer’s instructions.
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2.2. PREPARATION AND EXPOSURE OF SPERM TO MSNPs

2.2.1. BOAR SPERM

A substantial amount of biological experimentation in this project was carried out with boar sperm,
which represents a common animal model for human sperm in pilot experiments involving
reproductive biology. This is due to similarities in morphology and physiology, and overall
robustness. Boar sperm was sourced from a licensed pig breeding company (JSR Genetics, UK),
and delivered in a commercial extender at ~17°C. Sperm motility was activated by incubation for 15
minutes at 35°C, according to the supplier’s instructions. Sperm concentration was assessed in a
Birker-Turk haemocytometer at 200x magnification using a negative contrast phase objective
(Nikon UK Ltd.). Following activation, 1ml aliquots were withdrawn from each sample,
centrifuged at 500g for 10 minutes, washed from the extender with PBS (Oxoid, UK), and
resuspended in ‘incubation medium’ (PBS, Beltsville Thawing Solution or Swine Fertilization
Medium, as appropriate). Washed sperm were then subject to treatment with MSNPs or control
treatment. A detailed description of the types and doses of MSNPs, incubation conditions (medium
and time) and respective controls is provided in the relevant subsections in Chapters 3-5.
Incubation was carried out for up to 4 hrs at 37°C under low-oxygen atmosphere, with this time
point falling within the conventional timeframe for sperm handling prior to IVF. Samples were
gently mixed by rotation every 20 minutes throughout incubation. Each experiment was replicated

for a minimum of three times.

2.2.2. HUMAN SPERM

Human sperm samples were sourced from a licensed human sperm cryobank, based in Germany, in
accordance with ethical permission from the Oxford Tropical Research Ethics Committee
(OXTREC Ref # 31-09). Cryopreserved sperm from individual subjects were supplied in 300ul
aliquots in separate colour-coded sealed straws along with supporting documentation detailing the
date of freezing and baseline sperm parameters. Samples were shipped in liquid nitrogen and

thawed at RT. For experiments, samples from each shipment were pooled together to enable easier
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handling and therefore, minimise the loss of sperm prior to the experiment. A pooled sperm sample
was briefly washed from cryopreservation media via two rounds of centrifugation at 500g for 5 min
and resuspended in PureSperm Wash medium (Nidacon, Sweden). Sperm concentration was
assessed in a Burker-Turk haemocytometer at 200x magnification using a negative contrast phase
objective (Nikon UK Ltd.). The sample was then divided into aliquots, which were subsequently
subject to treatment with MSNPs or control treatment. A detailed description of the types and doses
of MSNPs, incubation times and respective controls are provided in the relevant subsections of
Chapter 6. Incubation was carried out for up to 4 hrs at 37°C under low-oxygen atmosphere, with

gentle mixing by inversion at regular intervals throughout incubation.

2.3. ASSESSMENT OF SPERM FUNCTIONAL STATUS

2.3.1. MOTILITY ASSESSMENT

Motility assessment was performed using a computer-assisted sperm analysis system (CASA;
HTM-Ceros v.12.3, Hamilton Thorne, MA, USA). Analysed parameters included total motility (%),
progressive motility (%), smoothed path velocity (VAP, um/sec), straight line velocity (VSL,
um/sec), track velocity (VCL, um/sec), straightness (STR: ratio of VSL/VAP, %), linearity (LIN:
ratio of VSL/VCL, %), amplitude of lateral head displacement (ALH, pm), and beat cross
frequency (BCF, Hz) (Figure 2-4).

For CASA, 6ul of each sample was loaded into a 20um-deep Leja counting chamber, and
equilibrated on a warm stage (37°C) for 2 minutes. Images were acquired at 100x magnification
using a negative contrast phase objective (Nikon UK Ltd.) and pre-set ‘boar’ and ‘human’ capture
and analysis algorithms. A minimum of 5 fields, containing at least 200 sperm, were evaluated in

each sample.
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Figure 2-4 — Computer-assisted analysis of sperm kinematic parameters. CASA allows to perform
guantitative assessment of sperm motion parameters (image sourced from www.mibio.org, accessed on
10/07/2015).

2.3.2. VIABILITY ASSESSMENT

For the viability evaluation of boar sperm in Chapter 3, a 5ul drop of each sample was mixed with
5ul of eosin Y (1% wi/v in saline, VitalScreen, Microm, UK) on a microscope slide, covered with a
coverslip, and equilibrated for 30 seconds. The number of stained (red or dark-pink; ‘dead’) and
unstained (white or light-pink; ‘live’) sperm was counted at 400x magnification, in a minimum of
200 sperm.

For the viability evaluation of boar and human sperm in Chapters 5 and 6, dual fluorescent
staining with SYBR 14 and propidium iodide was performed (LIVE/DEAD Sperm Viability Kit
Life Technologies, UK). In brief, analysed sperm samples were diluted with incubation medium to
a concentration of 1x10° sperm/ml, and stained in 500ul aliquots with 0.5ul of SYBR 14
(Component A; final concentration: 100nM) in the dark at 36°C for 10 minutes. For
counterstaining, 2.5ul of propidium iodide (Component B; final concentration: 12uM) was added.
After 5 minutes, slides were examined at 400x magnification under a fluorescent microscope with a

465-495nm (SYBR 14) and 580-588nm (Propidium iodide) excitation wavelength filters (Nikon
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UK Ltd.). The number of viable (green; ‘live’) and unviable (red; ‘dead’) sperm was counted at

400x magnification, in a minimum of 200 sperm.

2.3.3. EVALUATION OF ACROSOME MORPHOLOGY

Acrosome morphology was evaluated only in boar sperm by examining the integrity of the
acrosomal apical ridge in unstained fixed sperm samples. To perform the evaluation, analysed
sperm samples were fixed with 4.5% phosphate buffered formalin solution (Sigma-Aldrich, UK) for
10 minutes. A ‘wet drop’ for analysis was prepared by placing 10ul of the sample on a microscope
slide and covering with a coverslip. Slides were examined at 1000x magnification using a positive
contrast phase oil-immersion objective (Leica Microsystems UK Ltd).

A minimum of 200 sperm were assessed for acrosome morphology, and classified into 4
categories according to reference images (Figure 2-5): normal apical ridge (NAR), damaged apical

ridge (DAR), missing apical ridge (MAR), and loose acrosomal cap (LAC) (Pursel et al., 1972).

e

Figure 2-5 — Acrosomal apical ridge in boar sperm: reference images (adapted from Pursel et al.
(1972)). Images produced at x4000 using the phase-contrast objective. 1) Normal Apical ridge (NAR). 2)
Normal Apical ridge with particles (arrows). 3) Damaged apical ridge (DAR). 4) Missing apical ridge
(MAR). 5) Loose acrosomal cap.

2.3.4. CALCULATION OF SPERM DNA FRAGMENTATION INDEX
Sperm DNA fragmentation index was assessed using the sperm chromatin dispersion technique,
using a Halomax family of kits (Halotech DNA SL, Spain), according to the manufacturer’s
instructions.

For boar sperm, the Sus-halomax kit was utilised. In brief, analysed sperm samples were
diluted in PBS to a concentration of 15-20x10° sperm/ml, and 25l of each sample was mixed with

50ul of molten agarose, cooled to 37°C. A 2ul drop of the cell suspension from each sample was
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transferred into an individual well on pre-treated slides, covered with a cover slip, and incubated at
4°C on a pre-cooled plate for 5 minutes. The cover slips were then removed, and slides immersed
for 5 minutes into the lysis solution, followed by washing with double distilled water (DDW), and
dehydration in a series of increasing ethanol concentrations (70-90-100% for 2 minutes each). After
drying, processed slides were stained with 2l of 4’,6-diamidino-2-phenylindole (DAPI)-containing
mounting medium (Vectashield H-1200, Vector Laboratories, UK) per well, and examined at 400x
magnification under a fluorescent microscope with a 330-380nm (DAPI) excitation wavelength
filter (Nikon UK Ltd.). A minimum of 300 sperm per sample were examined for the presence of a
large halo of chromatin dispersion (fragmented DNA), and classified into either fragmented or non-
fragmented DNA accordingly.

For human sperm, the Halosperm kit was used. In brief, analysed sperm samples were
diluted in PBS to a concentration of 5-10x10° sperm/ml, and embedded in agarose microgels on
individual pre-treated slides as described above. Samples were then immersed into acid
denaturation solution for 7 minutes, and subsequently transferred into lysis solution for 25 minutes.
Slides were washed with double distilled water, and dehydrated in a series of increasing ethanol
concentrations (70-90-100% for 2 minutes each). After drying, processed slides were stained with
10ul of 4’ ,6-diamidino-2-phenylindole (DAPI)-containing mounting medium (Vectashield H-1200,
Vector Laboratories, UK), and examined at 400x magnification under a fluorescent microscope
with a 330-380nm (DAPI) excitation wavelength filter (Nikon UK Ltd.). A minimum of 300 sperm
per sample were examined for the absence of a large halo of chromatin dispersion (fragmented
DNA), and classified into either fragmented or non-fragmented DNA accordingly. Both for boar
and human samples, sperm DNA fragmentation index was calculated as a percentage of sperm with

fragmented DNA from the total sperm population studied.
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2.4. CALCULATION OF MSNP-SPERM BINDING RATE

To quantify the number of boar and human sperm binding with MSNPs, samples were fixed with
10% formalin solution (Sigma-Aldrich, UK) for 10 minutes at appropriate time points during
incubation, and then washed from the fixative in PBS via centrifugation. A specific description of
time points at which binding rates were analysed, is given in the relevant experimental chapters.
Washed sperm were transferred to poly-L-lysine pre-coated slides, incubated in a humidifying
chamber for 30 minutes at room temperature, washed twice in PBS, and mounted with 10ul of
DAPI-containing medium. Slides were examined at 400x magnification under a fluorescent
microscope with 330-380nm (blue), 465-495nm (green) and 540-588nm (red) excitation
wavelength filters (Nikon UK Ltd.). The number of sperm bound with MSNPs was counted in a
minimum of 200 cells. Higher resolution imaging was performed at 600x magnification with an oil-
immersion objective under a confocal laser microscope with a 405nm (blue), 488nm (green) and
559nm (red) excitation lines (Olympus UK Ltd.; The Dunn School Bioimaging Facility, University
of Oxford). Acquired images were processed and analysed with Fiji/lmageJ 1.48t (Schindelin et al.,

2012).

2.5. TRANSMISSION ELECTRON MICROSCOPY (TEM) OF BOAR SPERM EXPOSED TO
MSNPs

To investigate the localisation of MSNPs in boar sperm after incubation, samples were subject to
thin-section TEM. After 4 hours of incubation, sperm samples exposed to unmodified and PEI-
coated MSNPs were washed from the unbound particles in PBS via centrifugation, and fixed in 4%
gluteraldehyde (Sigma-Aldrich, UK). TEM was carried in the Nuffield Division of Clinical
Laboratory Sciences (Professor David JP Ferguson, Ultrastructural Morphology Group, John

Radliffe Hospital, University of Oxford).
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2.6. MSNP-MEDIATED TRANSFER OF DNA INTO SPERM

2.6.1. BOAR SPERM

2.6.1.1. Preparation and exposure of sperm to MSNPs and free/adsorbed DNA

For MSNP-mediated transfer of pHL-FcHis-mCherry into boar sperm, a modification of the
protocol described by Lavitrano et al. (2013) was used. Specifically, sperm motility was activated
by incubation for 15 minutes at 35°C, according to the supplier’s instructions. Sperm concentration
was assessed in a Birker-Turk haemocytometer at 200x magnification using a negative contrast
phase objective. Following activation, aliquots containing 5x10° sperm each were withdrawn from
the sample, centrifuged at 500g for 10 minutes, washed from the extender with PBS, and
resuspended to 500ul in pre-warmed (37°C) sperm fertilisation medium (SFM: 62.5mM glucose,
34mM sodium citrate dihydrate, 12.5mM ethylenediaminetetraacetic acid (EDTA) dihydrate,
15.5mM citric acid hydrate, 53.3mM Tris; pH 6.8; all reagents sourced from Sigma-Aldrich, UK),
supplemented with 0.3% bovine serum albumin (BSA; Sigma-Aldrich, UK). Washed sperm were
then subject to the following treatments: (1) SFM (control); (2) free pHL-FcHis-mCherry; (3) PEI-
coated MSNPs, loaded with pHL-FcHis-mCherry; (4) unmodified MSNPs and pHL-FcHis-
mCherry; (5) C105Y-functionalised MSNPs and pHL-FcHis-mCherry. All stock suspensions of
nanoparticles (concentration: 2mg/ml) were prepared with nuclease-free water. The doses used for
each type of experimental treatment are presented in Table 2-1. Incubation was carried out for 2
hrs at 37°C under a low-oxygen atmosphere, with gentle mixing by inversion at regular intervals
throughout incubation.

Table 2-1 — Doses for each type of experimental treatment in MSNP-mediated DNA transfer
experiments (boar sperm)

Type of treatment Dose per 10’ sperm

Free pHL-FcHis-mCherry Equivalent to the dose absorbed on 10ug PEI-coated MSNPs

PEI-coated MSNPs, loaded with 10ug
pHL-FcHis-mCherry

Unmodified MSNPs MSNPs: 10ug per 107 sperm;

and pHL-FcHis-mCherry pHL-FcHis-mCherry: equivalent to the dose absorbed on 10ug PEI-
coated MSNPs

C105Y-functionalised MSNPs MSNPs: 10ug per 107 sperm;

and pHL-FcHis-mCherry pHL-FcHis-mCherry: equivalent to the dose absorbed on 10ug PEI-
coated MSNPs
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After incubation, 10ul aliquots were removed from each sample, diluted with 50ul of warm
SFM+BSA (0.3%), and analysed for motility and viability using CASA and dual fluorescent

staining with SYBR 14 and propidium iodide, as described in Section 2.3.1.

2.6.1.2. Removal of non-internalised plasmid DNA from sperm samples

The remaining aliquots were diluted with SFM to 1.5ml and washed twice in SFM by centrifugation
at 500g for 5 minutes. To eliminate the free plasmid, which had not been incorporated by the
sperm, samples were treated with DNase I. To achieve this, samples were resuspended in 500ul of
DNase buffer (10mM Tris, 2.5mM MgCl,, 0.5mM CaCl,; pH 7.5; Life Technologies, UK) and
incubated with 20 units DNase | (Life Technologies, UK) for 30 minutes at 37°C. DNase was then
inactivated by heating at 75°C for 5 minutes, and sperm were washed in 1.0ml pre-lysis buffer
(150mM sodium chloride, 10mM EDTA, pH 8.0; all reagents sourced from Sigma-Aldrich, UK) by

centrifugation at 700g for 10 minutes.

2.6.1.3. DNA extraction

To extract sperm DNA, each sperm aliquot was resuspended in 750ul lysis buffer (4.24M guanidine
thiocyanate, 10mM sodium chloride, 1% sodium laurylsarcosinate, 150mM dithiothreitol, 200pug/ml
proteinase K (Life Technologies, UK); chemical reagents sourced from Sigma-Aldrich, UK). Lysis
was carried out for 2 hours at 56°C. After 1 hour of incubation, the reaction was gently mixed by
inversion.

After the completion of lysis, DNA was precipitated with isopropanol. To perform the
precipitation, 750ul of pure isopropanol (Sigma-Aldrich, UK) was added to each tube, and the
contents were mixed by inversion until DNA strands formed, followed by centrifugation at 50009
for 3 minutes to sediment the DNA. The pellet was washed twice in 70% ethanol (Sigma-Aldrich,
UK), air-dried, resuspended in nuclease-free water and stored at 5°C. DNA concentration in the

supernatant was determined via the measurement of absorbance at 260nm by spectrophotometry.
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2.6.1.4. Qualitative assessment of pHL-FcHis-mCherry delivery into boar sperm
Qualitative assessment of pHL-FcHis-mCherry delivery into boar sperm was performed using
polymerase chain reaction (PCR) with primers designed to detect mCherry (sequenced by Miss
Siobhan Coote, an ex-member of the Coward laboratory) and swine leptin gene fragments
(GenBank Accession number: U66254.1) in DNA extracted from sperm after exposure to various
treatments. Specific primer pairs were designed using Primer-BLAST algorithm (Ye et al., 2012) in
accordance with the following specifications: length — 18-30 base pairs (bp) length, melting
temperature (Tm) — 65-75°C, GC content — 40-60%. Primer characteristics for the amplification of
mCherry and swine leptin target fragments are presented in Table 2-2.

Table 2-2 - Primer pairs for amplification of target mCherry and swine leptin gene fragments
using PCR

Sequence Primer Start Stop Product
length Primer  Sequence (5'->3") length length
(bp) (bp) (bp)
mCherry 708 Forward ACCGCCAAGCTGAAGGTGACCA 22 142 163 437
Reverse TGCACGGGCTTCTTGGCCTTGT 22 578 557
Swine 5920 Forward GACTGTCCCCTGAGCCAGCTAGTGT 25 5761 5785 151
leptin Reverse ~ ACAAAACAGCCTCCTCCCTCCAGGC 25 5911 5887

" Primers were synthesised by Invitrogen, UK.

Singleplex PCR for the amplification of target mCherry and swine leptin fragments from
each individual sample were set up in PCR tubes in a final volume of 25ul by mixing 12.5ul High
Fidelity PCR Master (Roche Diagnostics, Switzerland) with 1.5ul forward and reverse primers
(stock concentration: 5uM; final concentration: 300nM), 50-100ng template DNA, and then
nuclease-free water to the final volume. Amplification was carried out in a G-Storm GS1 thermal
cycler (G-Storm, UK) using the protocol described in Table 2-3.

Table 2-3 — PCR protocol for the amplification of target mCherry and swine leptin gene
fragments

Cycles Time Temperature
Initial denaturation 1 2 min 94°C
Denaturation 10 10s 94°C
Annealing 70s 65°C
Elongation 1 min 72°C
Denaturation 15-20 15s 94°C
Annealing 30s 65°C
Elongation 1 min 72°C

Final elongation 1 7 min 72°C
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PCR products were analysed for size by electrophoresis on a 1.3% TAE agarose gel pre-
stained with ethidium bromide (final concentration: 0.5ug/ml). The gel was run in TAE at 100V for

1 hour, and imaged by a gel documentation system.

2.6.1.5. Quantitative assessment of pHL-FcHis-mCherry delivery into boar sperm

Quantitative assessment of pHL-FcHis-mCherry delivery into boar sperm was performed via the
quantification of band density, corresponding to the mCherry target fragment, versus the density of
swine leptin bands (internal control), on digital images acquired from agarose gels. Relative density
was expressed as arbitrary units (AU) and subsequently adjusted for relative density of mCherry
versus swine leptin in samples treated with free plasmid only. Quantification was performed using

the Gel Analysis tool in Fiji/lmageJ 1.48t (Schindelin et al., 2012).

2.6.1.6. Quality control for detecting DNA transfer into boar sperm
Primer specificity was confirmed via the PCR amplification of target sequences using stock pHL-
FcHis-mCherry and control pig genomic DNA (Novagen, Merck Millipore, UK) as templates. PCR
products were analysed for length by electrophoresis on a 1.3% TAE agarose gel pre-stained with
ethidium bromide. In addition, PCR products were purified using a QIAquick PCR purification kit
(QlAgen, UK) in accordance with the manufacturer’s instructions, eluted with nuclease-free water
and subject to Sanger sequencing (sequencing performed by Source BioScience, UK). Sequences
obtained were visualised in 4Peaks v.1.8 (Nucleobytes BV, The Netherlands; available from
www.nucleobytes.com; accessed on 03/08/2015) and aligned with source sequences using Pairwise
Sequence Alignment algorithm (http://www.ebi.ac.uk/Tools/psa, accessed on 04/08/2015) to check
identity.

To confirm the efficacy of digesting free pHL-FcHis-mCherry with DNase | under the
conditions used during this protocol, a dose of pHL-FcHis-mCherry, equivalent to the dose added to
sperm samples during the steps described in Section 2.6.1.1. was subjected to treatment with 20

Units of DNase | under conditions identical to those applied to remove free plasmid from sperm
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samples (Section 2.6.1.2. Amplification of the digestion product was carried out using the PCR
protocol described in Section 2.6.1.4. A 1:10 dilution of the stock pHL-FcHis-mCherry solution,
which was subject to DNase | treatment, was used as a positive control. PCR products were
analysed for length by electrophoresis on a 1.3% TAE agarose gel pre-stained with ethidium

bromide, as described above.

2.6.2. HUMAN SPERM

2.6.2.1. Preparation and exposure of sperm to MSNPs and free/adsorbed DNA

For the MSNP-mediated transfer of pDRIVE-HSP70-GFP into human sperm, a similar
modification of the protocol described by Lavitrano et al. (2013), which was applied in Section
2.6.1., was used. Specifically, sperm samples were thawed at room temperature and pooled together
to increase the number of sperm for subsequent experiments. Sperm concentration was assessed in a
Birker-Turk haemocytometer at 200x magnification using a negative contrast phase objective. The
pooled sample was separated into 250ul aliquots containing 1x10" sperm each. Sperm were then
subject to the following treatments: (1) PBS; (2) free pDRIVE-HSP70-GFP; (3) PEl-coated
MSNPs, loaded with pDRIVE-HSP70-GFP; (4) unmodified MSNPs and pDRIVE-HSP70-GFP; (5)
C105Y-functionalised MSNPs and pDRIVE-HSP70-GFP. Experiment was performed in a
duplicate. All stock suspensions of nanoparticles (concentration: 2mg/ml) were prepared with
nuclease-free water. The doses used for each type of experimental treatment are presented in
Table 2-4.

Table 2-4 — Doses for each type of experimental treatment in MSNP-mediated DNA transfer
experiments (human sperm)

Type of treatment Dose per 10’ sperm

Free pDRIVE-HSP70-GFP Equivalent to the dose absorbed on 30ug PEI-coated MSNPs

PEI-coated MSNPs, loaded with  30ug
pDRIVE-HSP70-GFP

Unmodified MSNPs MSNPs: 30ug per 107 sperm;
and pDRIVE-HSP70-GFP pHL-FcHis-mCherry: equivalent to the dose absorbed on 30ug PEI-
coated MSNPs

C105Y-functionalised MSNPs ~ MSNPs: 30ug per 107 sperm;
and pDRIVE-HSP70-GFP pHL-FcHis-mCherry: equivalent to the dose absorbed on 30ug PEI-
coated MSNPs
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Incubation was carried out for 3 hrs at 37°C under a low-oxygen atmosphere, with gentle
mixing by inversion at regular intervals throughout incubation.
2.6.2.2. Removal of non-internalised plasmid DNA from sperm samples and DNA
extraction
The remaining aliquots were diluted with PBS to 750ul and washed twice in PBS by centrifugation
at 500g for 5 minutes. To eliminate the free plasmid, which had not been incorporated by the sperm,
samples were treated with 20 units DNase I in 500ul of DNase buffer for 30 minutes at 37°C.
DNase was then inactivated by heating at 75°C for 5 minutes, and sperm were washed in pre-lysis
buffer (see Section 2.6.1.2. by centrifugation at 700g for 10 minutes. Sperm DNA extraction was

carried out in accordance with the protocol described in Section 2.6.1.3.

2.6.2.3. Assessment of pDRIVE-HSP70-GFP delivery into human sperm
Qualitative and quantitative assessment of pDRIVE-HSP70-GFP delivery into boar sperm was
performed using real-time polymerase chain reaction (QPCR) with primers designed to detect GFP
(sequencing performed by Miss Lien Davidson, a present member of the Coward laboratory) and
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) fragments (GenBank Accession
number: NM_002046.5) in DNA extracted from sperm after exposure to various treatments.
Primers for the amplification of the target GFP fragment were designed using Primer-BLAST
algorithm (Ye et al., 2012) in accordance with the following specifications: length — 18-30 base
pairs (bp) length, melting temperature (Tm) — 62-68°C, GC content — 40-60%. Primers for
amplification of the target human GAPDH fragment were designed earlier by Miss Siti Nornadirah
Amdani, a present member of the Coward laboratory. Characteristics of primers used for
amplification of GFP and human GAPDH target fragments are presented in Table 2-5.

Singleplex qPCR for amplification of target GFP and human GAPDH gene fragments from
each individual sperm sample were set up in 96-well plates (MicroAmp Fast Optical, Life
Technologies, UK) in a final volume of 10ul by mixing 5ul Power SYBR Green Master Mix (Life

Technologies, UK) with 0.5ul forward and reverse primers (stock concentration: SpuM; final
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concentration: 100nM), 50-100ng template DNA, and then nuclease-free water to the final volume.
Amplification was carried out in the StepOnePlus Real-Time PCR system (Life Technologies, UK)
using the protocol described in Table 2-6. DNA from each sperm sample was amplified in a
triplicate.

Table 2-5 — Primer pairs for amplification of target GFP and human GAPDH fragments using
gPCR

Sequence Primer Start Stop Product
length Primer  Sequence (5'->3") length length
(bp) (bp) (bp)
GFP 695 Forward CAGTGGAGAGGGTGAAGGTGATGCT 25 81 105 188
Reverse ~AACCTTCGGGCATGGCACTCTT 22 268 247
Human 1421 Forward CACATCGCTCAGACACCATG 20 172 191 198
GAPDH Reverse TGACGGTGCCATGGAATTTG 20 369 350

Primers were synthesised by Invitrogen, UK.

Table 2-6 — gPCR protocol for amplification of target GFP and human GAPDH gene
fragments

Cycles Time Temperature
Initial denaturation 1 2 min 95°C
Denaturation 45 15s 94°C
Annealing and elongation 1min30s 60°C
(with fluorescence data
acquisition)
Final elongation 1 7 min 72°C

To quantify the amount of pDRIVE-HSP70-GFP delivered into human sperm after various
treatments, the comparative cycle threshold (Ct) method was applied. Specifically, the relative
amount of pDRIVE-HSP70-GFP in relation to the GAPDH sequence was determined using the

equation 24", The AACt was calculated using the following equation:

AACt = (mean Ct (GFPyegment) — mMean Ct (GAPDHyeament)) — (mean Ct (GFPconro) — mean Ct
(GAPDHcomrol))-

Means were calculated within a triplicate of gPCR reactions for each experimental condition

(sample and treatment). Exposure to free pDRIVE-HSP70-GFP was used as a control condition.

2.6.2.4. Quality control for detecting DNA transfer into human sperm
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Products from gPCR were purified using a QIAquick PCR purification kit (QlAgen, UK) in
accordance with the manufacturer’s instructions, eluted with nuclease-free water and subject to
Sanger sequencing (sequencing performed by Source BioScience, UK). Sequences obtained were
visualised in 4Peaks v.1.8 (Nucleobytes BV, The Netherlands; available from
www.nucleobytes.com; accessed on 03/08/2015) and aligned with source sequences using Pairwise
Sequence Alignment algorithm (http://www.ebi.ac.uk/Tools/psa, accessed on 04/08/2015) to
confirm identity.

To confirm the efficacy of digestion of free pDRIVE-HSP70-GFP with DNase | under the
conditions used during this protocol, a dose of pDRIVE-HSP70-GFP, equivalent to the dose added
to sperm samples during the steps described in Section 2.6.1.1. was subjected to treatment with
20 units of DNase | under conditions identical to those applied for removal of free plasmid (Section
OAmplification of the digestion product was carried out using the protocol described in Section
2.6.1.4. A 1:10 dilution of the stock pDRIVE-HSP70-GFP solution, which was subject to DNase |
treatment, was used as a positive control. PCR products were analysed for length by electrophoresis

on a 1.3% TAE agarose gel pre-stained with ethidium bromide.

2.7. MSNP-MEDIATED TRANSFER OF PROTEIN INTO SPERM

2.7.1.1. Preparation and exposure of sperm to MSNPs and free/adsorbed protein

For the MSNP-mediated transfer of in-house expressed/purified mCherry into boar sperm, a
protocol similar to the one applied for DNA transfer, and described in Section 2.6. was used.
Specifically, sperm motility was activated by incubation for 15 minutes at 35°C, according to the
supplier’s instructions. Sperm concentration was assessed in a Blrker-Turk haemocytometer at
200x magnification using a negative contrast phase objective. Following activation, aliquots
containing 4x10” sperm each were withdrawn from the sample, centrifuged at 500g for 10 minutes,
washed from the extender with PBS, and resuspended to 500ul in pre-warmed (37°C) SFM,
supplemented with 0.3% BSA. Washed sperm were then subject to the following treatments: (1)

SFM (control); (2) free mCherry; (3) APTES-coated MSNPs, loaded with mCherry; (4) unmodified
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MSNPs and mCherry; (5) C105Y-functionalised MSNPs and mCherry. All stock suspensions of
nanoparticles (concentration: 2mg/ml) were prepared with PBS. The doses used for each type of
experimental treatment are presented in Table 2-7. Incubation was carried out for 2 hrs at 37°C
under a low-oxygen atmosphere, with gentle mixing by inversion at regular intervals throughout
incubation.

Table 2-7— Doses for each type of experimental treatment in MSNP-mediated protein transfer
experiments (boar sperm)

Type of treatment Dose per 10’ sperm

Free mCherry Equivalent to the dose absorbed on 10ug APTES-coated MSNPs
APETS-coated MSNPs, 10ug

loaded with mCherry

Unmodified MSNPs MSNPs: 10ug per 107 sperm;

and mCherry mCherry: equivalent to the dose absorbed on 10ug APTES-coated MSNPs
C105Y-functionalised MSNPs: 10ug per 107 sperm;

MSNPs and mCherry mCherry: equivalent to the dose absorbed on 10ug APTES-coated MSNPs

After incubation, samples were diluted with PBS to 1.5ml and washed three times in PBS by
centrifugation at 500g for 5 minutes. After the last wash, pellets were fixed with 500ul 10%
formalin solution for 15 minutes. Given that the effects of mCherry-loaded MSNPs upon sperm
function had already carried out in the preceding sets of experiments (Section 3.5), no separate

nanotoxicity assessment was performed in this case.

2.7.1.2. Sperm lysis

In order to lyse sperm, each sperm aliquot was washed from the fixative and resuspended in 1ml
lysis buffer (7M urea, 2M thiourea, 1.5M Tris, 4% 3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) with protease inhibitors cocktail (cOmplete protease inhibitor cocktail
tablets, Roche, UK), 2.4uM PMSF, 18mM DTT; reagents sourced from Sigma-Aldrich, UK). Lysis
was carried out for 1 hour at RT under constant agitation. Lysates were then centrifuged to remove
cell debris at 3,0009 for 5 minutes at 4°C. Total protein concentration in the lysates was determined
by spectrophotometry using the Bio-Rad DC protein assay Kkit, in accordance with the

manufacturer’s instructions. Long-term storage of samples was carried out at -20°C.
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2.7.1.3. Qualitative assessment of mCherry delivery into boar sperm

Qualitative assessment of mCherry delivery into boar sperm was performed via the detection of
mCherry in protein lysates using Western blotting (WB). For WB, protein separation was carried
out by denaturing electrophoresis of reduced protein samples on 4-12% NuPAGE Novex Bis-Tris
minigel (Life Technologies, UK). To achieve the denaturing reduced conditions, each analysed
aliquot was mixed with NUPAGE SDS sample buffer (Life Technologies, UK) and NuPAGE
reducing agent (Life Technologies, UK) in a 5:4:1 volume ratio, and heated to 101°C for 5 minutes
prior to loading onto the gel. Gels were run in NUPAGE MES SDS running buffer (Life
Technologies, UK) at 160V for approximately 1 hour, removed from the cassette and equilibrated
in transfer buffer (TB: 25mM Tris, 192mM glycine, 10% methanol; all reagents from Sigma-
Aldrich, UK) for 15 minutes before protein transfer to polyvinylidene fluoride (PVDF) membrane
(Amersham Hybond P 0.45, GE Healthcare Life Sciences, UK) in a semi-dry transfer cell (Trans-
Blot SD, Bio-Rad, UK). Protein transfer to PVDF membrane was performed at 15V for 30-40
minutes, after which the membrane was briefly washed in DDW, and blocked in PBS-Tween 0.05%
(Sigma-Aldrich, UK) + 5% skimmed milk (Marvel, UK) for 30 minutes. After the removal of
blocking buffer, the membrane was incubated overnight in PBS-Tween 0.05% + 1% skimmed milk
+ primary antibody (mCherry Polyclonal Antibody, PA5-34974, rabbit IgG; Pierce/Thermo
Scientific, UK) in a 1:2,500 dilution at 5°C. On the next day, the membrane was washed 3 times in
PBS-Tween 0.05% for 5 minutes and incubated in PBS-Tween 0.05% + 1% skimmed milk +
secondary antibody (Stabilised Goat Anti-Rabbit 1IgG (H+L), peroxidase conjugated, Pierce/Thermo
Scientific, UK) in a 1:1,000 dilution for 1 hour. The membrane was then washed in PBS-Tween
0.05% thrice, and protein detection performed using the chemiluminescence technique (Amersham
ECL Prime, GE Healthcare Life Sciences, UK) in accordance with the manufacturer’s instructions.
Imaging was carried out via the development of X-ray films (Amersham Hyperfilm ECL, GE

Healthcare Life Sciences, UK) exposed to the chemiluminescent reagent-treated membranes, in an



Chapter 2. MSNP-mediated transfer of DNA into sperm. 76

automated X-ray film developer. Digital images of the films were obtained via scanning with a
Canon LIiDE 200 flatbed scanner (Canon, UK).

To allow the subsequent quantitative evaluation of mCherry delivery into boar sperm, the
additional detection of an internal (loading) control, B-tubulin, was carried out. To detect B-tubulin,
the membrane was stripped by two washes in acidic stripping buffer (5M glycine, 3.5mM SDS, 1%
Tween 20, pH=2.2; all reagents from Sigma-Aldrich, UK) for 10 minutes, two washes in PBS for
10 minutes and two washes in PBS-Tween 0.05% for 5 minutes, all at RT. The membrane was then
blocked in PBS-Tween 0.05% + 5% skimmed milk, as described above, and probed for p-tubulin
via incubation in PBS-Tween 0.05% + 1% skimmed milk + anti-B-tubulin antibody (anti-pB-tubulin
antibody — loading control (HRP), rabbit 19gG, ab21058; Abcam, UK) in a 1:2,500 dilution for 1

hour. Washing and protein detection was performed as described above.

2.7.1.4. Quantitative assessment of mCherry delivery into boar sperm

Quantitative assessment of mCherry delivery into boar sperm was performed via the quantification
of relative band density, corresponding to mCherry, in samples exposed to a combination of any
modification of MSNPs and absorbed/free mCherry (APTES-coated MSNPs loaded with mCherry,
unmodified MSNPs and mCherry and C105Y-functionalised MSNPs and mCherry) versus bands
corresponding to mCherry in samples exposed to free protein. The calculated relative density of
mCherry bands was adjusted for the relative density of loading control (B-tubulin; relative density
of B-tubulin was calculated for MSNP-treated samples versus mCherry-only treated samples).
Adjusted relative intensity was expressed as arbitrary units (AU). Quantification was performed

using the Gel Analysis tool in Fiji/lmageJ 1.48t (Schindelin et al., 2012).
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2.8. APPLICATION OF MSNPS TO OOCYTES

Oocytes from superovulated C57BL/6 mice were obtained from the Biomedical Servicesb Unit
(University of Oxford) in culture media droplets overlaid with mineral oil (FertiCult, Microm UK).
Procedures were carried out with the appropriate Home Office Animals (Scientific Procedures) Act

1986 certification in place.

2.8.1. EXPOSURE OF OOCYTES TO MSNPs

To investigate the possibility of binding with MSNPs, mouse oocytes were incubated in 4-well
plates for 2 hours at 37°C under low-oxygen atmosphere in 500ul of M16 media (Sigma Aldrich,
UK; control group) or 500ul of M16 media containing either fluorescent unmodified or fluorescent
PEI-coated MSNPs, each at a final concentration of 0.3mg/ml (three experimental groups). After 2
hours, oocytes were washed from unbound MSNPs in PBS and fixed with 10% formalin solution
for 10 minutes. After washing in PBS post-fixation, oocytes were transferred to 100ul PBS drops on
poly-L-lysine pre-coated slides, and incubated in a humidifying chamber with Alexa Fluor 555
wheat germ agglutinin (1 pg/ml; Alexa Fluor 555 WGA, Invitrogen, UK) for 10 minutes at room
temperature to stain the plasma membrane. Slides were then carefully washed with PBS, mounted
with 4’,6-diamidino-2-phenylindole (DAPI)-containing mounting medium (Vectashield H-1200,
Vector Laboratories, Peterborough, UK) and examined at 400x magnification under a fluorescent
microscope with 330-380nm (blue), 465-495nm (green) and 540-580nm (red) excitation

wavelength filters (Nikon UK Ltd.).

2.8.2. OOCYTE MICROINJECTIONS WITH MSNPS

To investigate feasibility of the assisted delivery of MSNPs through the zona pellucida, mouse
oocytes were microinjected with suspensions of fluorescent unmodified or fluorescent PEI-coated
MSNPs in M16 media at a concentration of 0.3mg/ml (two experimental groups). In the control
groups, oocytes were either microinjected with equal amounts of M16 media (‘sham injection’
control) or incubated in M16 (‘no intervention’ control). Microinjections were performed with a

Nikon Narishige micromanipulator mounted on a Nikon Eclipse Ti microscope using a 30°-angled
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microinjection pipette with an internal diameter of Sum (Cook Medical, PA, USA). After the
procedure, oocytes were cultured overnight in fresh M16 media at 37°C under low-o0xygen
conditions. On the next day, all oocytes were assessed for morphology and signs of degradation
(irregularity and vacuolisation of the ooplasm) under a stereomicroscope, and then fixed, washed,
transferred to poly-L-lysine pre-coated slides, stained with Alexa Fluor 555 WGA, mounted with

DAPI-containing medium and imaged as described in Section 2.6.1.

2.9. STATISTICAL ANALYSIS

Data are presented as meanzstandard error of the mean (SEM), unless specified otherwise. All
continuous variables were checked for normality using the Kolmogorov-Smirnoff test and subjected
to log-linear or arcsine-square root transformation where appropriate. Continuous variables were
analysed using a general linear model (GLM) with post-hoc Bonferroni and Dunnet adjustments
and type of treatment, MSNP dose, and incubation time as fixed factors, and ejaculate as a random
factor, unless specified otherwise. Categorical values were compared using the chi-square test.
Differences were considered significant at p<0.050. Statistical analysis was performed using IBM
SPSS Statistics v20.0 (IBM, Armonk, NY, USA). Representative figures were constructed in

GraphPad Prism v6.0 (GraphPad Software, La Jolla, CA, USA).
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CHAPTER 3

EFFECTS OF MESOPOROUS SILICA NANOPARTICLES UPON THE
FUNCTION OF MAMMALIAN GAMETES IN VITRO

Key messages:

This chapter presents the first encouraging findings of this thesis, showing that spherical
MSNPs with hexagonal pore symmetry and various surface functionalities and/or payloads
were biocompatible with boar sperm and mouse oocytes

MSNPs formed strong associations with approximately one in five boar sperm during
incubation in vitro and did not exert negative effect upon the main parameters of sperm
function

Exposure of mouse oocytes to MSNPs in vitro resulted in surface absorption of
nanoparticles to the zona pellucida without penetration; assisted delivery into the ooplasm
via the use of micromanipulation techniques was possible, but posed technical challenges,
and did not result in acute toxicity

Results presented in this Chapter formed the rationale for subsequent experiments
evaluating MSNPs as a platform for the transfer of molecular compounds into mammalian
gametes, which are presented in the subsequent chapters of this thesis
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3.1. BACKGROUND

Recent progress in biomedical nanotechnology has transformed the concept of targeted biological
delivery, allowing the engineering of complex biocompatible nanoscale-sized (1-100nm) platforms
with high loading capacity, stability, highly selective affinity, and potential for simultaneous
diagnostic and therapeutic (‘theranostic’) applications (Kunzmann et al., 2011; Lammers et al.,

2011). In the last decade, biomedical nanotechnology has noticeably contributed to the diagnostics
and treatment of a variety of medical conditions, including cancer, microbial and viral infections,

and chronic internal diseases (Uskokovic, 2013; Tsai et al., 2014). Ultimately, this success has
triggered an expansion of nanobiotechnological ‘vision’ to other scientific disciplines, including
reproductive biology.

A growing interest in nanomaterial-mediated delivery in reproductive biology is driven by
two key factors. Firstly, the evidence that nanomaterials improve the selectivity and efficacy of
cargo delivery across a variety of cell types (Tsai et al.,, 2014). Secondly, there is increasing
understanding that the crucial processes of intra-gamete molecular transport underlying gamete
development, maturation and acquisition of fertilization potential are mediated by natural cell-
secreted nanoparticles, for example, prostasomes and epididymosomes in males (Sullivan and Saez,
2013) and granulosa cell microvesicles in females (da Silveira et al., 2012). These observations
form another justification for studies into the feasibility of manipulating these key processes using
similar engineered nanoplatforms. Consequently, nanotechnology has great potential to improve the
efficacy of reproductive biology techniques associated with the internalisation of molecular
compounds into gametes. These techniques include, but are not limited to, gene transfer into
reproductive tissues (Ikawa et al., 2002; Ghadami et al., 2010), sperm-mediated gene transfer
(SMGT) (Brackett, 1971), and the sorting of sperm into sub-populations driven by the detection of
a specific intracellular marker, for example sex sorting (Rath et al., 2013) Although these
experimental techniques have been extensively studied over the last few decades, their efficacy

remains sub-optimal (Ikawa et al., 2002; Kojima et al., 2008; Eghbalsaied et al., 2013; Rath et al.,
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2013), and their relative application is thus compromised. There is currently little consensus on
which nanomaterial to consider the ideal candidate for reproductive biology, but the general trend is
to evaluate the performance of non-biodegradable nanoparticles with a reasonable detection
capacity: polyvinylalcohol-functionalised iron oxide (Ben-David Makhluf et al., 2006; Makhluf et
al., 2008), magnetic (Kim et al., 2010b) and polystyrene (Fynewever et al., 2007) nanoparticles
(NPs), cerium dioxide (Falchi et al., 2014), perfluorocarbon (Jallouk et al., 2014), halloysite clay
nanotubes (Campos et al., 2011a), specialised CdSe/ZnS quantum dots (Feugang et al., 2012;
Feugang et al., 2015), and nanogold (Taylor et al., 2014b; Tiedemann et al., 2014). Such robust
inorganic nanomaterials could be utilised as stable cell tags and permit the visualisation, tracking
and sorting of labelled gametes, in addition to their delivery capacity.

This Chapter presents the results of the first series of experiments performed during this
thesis. These experiments evaluated the effects of mesoporous silica nanoparticles (MSNPs) upon
the function of mammalian gametes during in vitro exposure under conditions similar to those used
in the ART setting. For the first time, they sought to provide insight into the biocompatibility of
MSNPs with mammalian gametes and, therefore, answer the question whether this well-
characterised tool for targeted molecular delivery, bioimaging, and tissue engineering (Xia et al.,
2009; Hom et al., 2010; Na et al., 2012) can be used for reproductive biology. Findings presented in
this Chapter encouragingly demonstrated that spherical MSNPs with hexagonal pore symmetry and
various surface functionalities and/or payloads formed strong associations with boar sperm
following incubation in vitro and did not exert negative effect upon the main parameters of sperm
function. In vitro exposure of mouse oocytes to MSNPs resulted in surface absorption of
nanoparticles to the zona pellucida. However, assisted delivery into the ooplasm via the use of
micromanipulation techniques was also possible and did not result in acute toxicity. Collectively,
these positive results supported further experiments evaluating MSNPs as a platform for the transfer

of molecular compounds into mammalian gametes, which are presented in subsequent chapters.
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3.2. SPECIFIC DETAILS OF EXPERIMENTAL PROCEDURES

The general materials and methods used to generate the results presented in this Chapter are
described in Chapter 2. Specific details of the experimental procedures highlighted in this sub-
section relate to the exposure of MSNPs to boar sperm.

In particular, for this set of experiments, 1ml aliquots were withdrawn from each boar sperm
sample, centrifuged at 500g for 10 minutes, washed from the extender with PBS (Oxoid, UK),
resuspended in PBS to 750pul and treated with either MSNPs or PBS (controls). Each experiment
was repeated a minimum of three times, using samples obtained from different animals. To evaluate
the potential nanotoxicity of MSNPs in sperm, and determine optimal doses and incubation times,
washed sperm were exposed to suspensions of three types of unloaded fluorescent MSNPs in PBS
(unmodified, PEI-coated, and APTES-coated) in the ratios of 10ug, 15ug and 30ug of particles per
10" sperm. In the control group, washed sperm were incubated with PBS. Incubation was carried
out for up to 4 hrs at 37°C under a low-oxygen atmosphere. Sperm motility and viability were
assessed after 2 and 4 hrs of incubation. Acrosome morphology and sperm DNA fragmentation
were evaluated after 4 hrs of incubation. Binding rates between sperm and unloaded MSNPs were
determined after 2, 3 and 4 hrs. For unmodified unloaded MSNPs, binding rates were also recorded
after 1 hour of incubation, and used for statistical analysis in Sections 4.2.2. and 4.2.3. To
investigate the localisation of MSNPs in sperm, TEM was performed after 4 hours of incubation.
After evaluation of potential nanotoxicity and identification of the minimally effective particle/cell
ratios and incubation times, washed sperm were exposed to MSNPs carrying prototypes of
biological cargo: siRNA- and mCherry-loaded MSNPs in the ratio of 10pg of particles per 10’
sperm, for 2 hrs. Incubation was carried out under the same conditions. After 2 hours, sperm

motility, viability, and binding rates with MSNPs were evaluated.
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3.3. RESULTS

3.3.1. CHARACTERISATION OF MSNPs

Synthesis of non-fluorescent MSNPs was performed in a surfactant-templated base-catalysed sol-
gel reaction, as previously described by Hom et al. (2010). In brief, the reaction is based upon the
mixing or a surfactant template with a silica source in hot aqueous solution with alkaline pH,
followed by amine and phosphonate surface modification of the forming particles and, finally,
removal of the surfactant to expose the porous structure of MSNPs.

Synthesised MSNPs were characterised by electron microscopy. The particles were shown
to be slightly non-spherical with elongation in the direction of the pore channels. The mesoporous
silica comprised ordered nanometre-sized pores shown by TEM to have hexagonal symmetry when
aligned with the beam (Figure 3-1). Unmodified MSNPs had a mean external diameter of
138.4+3.8nm with 2.1+0.1nm-sized pores.

Nanoparticles were coated with PEI or APTES, both representing established methodologies
of nanomaterial functionalisation. Efficacy of PEl-and APTES-coating was confirmed by the
measurement of electrokinetic ({) potential, which indicated an increase or complete reversal of
inherently negative { potential of unmodified silica (-31.50+0.60mV, -1.91+0.27mV and
37.73£0.27mV for FITC-labelled unmodified, APTES-coated and PEIl-coated MSNPs,
respectively) (Table 3-1 and Table 3-2). Reduced propensity of PEI-treated MSNPs to
agglomerate in suspension was proven by reduced mean hydrodynamic diameter in PEI-coated
samples (270nm versus 170nm for FITC-labelled unmodified and PEI-coated MSNPs,
respectively). In contrast, coating with APTES had little effect upon the agglomeration of MSNPs

(270nm versus 280nm for FITC-labelled unmodified and APTES-coated MSNPs, respectively).
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Figure 3-1 — Characterisation of mesoporous silica nanoparticles (MSNPs). A) Transmission electron
microscopy image of unmodified MSNPs. Scale bar = 0.05um; B) Scanning electron microscopy image of
unmodified MSNPs. Scale bar = 0.1um. C) Size distribution of synthesised unmodified MSNPs:
individual measurements of transmission electron microscopy images (mean+SEM from 100 particles).
Synthesised MSNPs were characterised by homogenous size, slightly non-spherical shape with elongation in
the direction of the pore channels, and nanometre-sized pores with hexagonal symmetry.

Table 3-1- Characterisation of synthesised fluorescent mesoporous silica nanoparticles
(MSNPs+FITC): £ potential and mean hydrodynamic diameter

¢ potential (mV)* Mean hydrodynamic
diameter (nm)
Unmodified MSNPs -31.50+0.60 270
PEI-coated MSNPs 37.73x0.27 170
APTES-coated MSNPs -1.91+0.27 280

*Data presented as mean+SD (automated calculation by Zetasizer Nano ZS proprietary software (Malvern
Instruments, UK))
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As anticipated, loading with negatively charged lamin A/C siRNA reduced the positive
values of { potential of unloaded non-fluorescent PEI-coated MSNPs (44.53+£0.29mV versus
28.13+0.80mV for unloaded and loaded MSNPs, respectively). Adsorption of mCherry protein
increased the { potential of unloaded non-fluorescent APTES-coated MSNPs (-5.94+0.23mV versus
5.29+1.17mV, for unloaded and loaded MSNPs, respectively). Loading with both types of payloads
resulted in a slight increase in the mean hydrodynamic diameter of the particles (147nm versus
157nm for unloaded PEI-coated and lamin A/C siRNA-loaded MSNPs; 254nm versus 286nm for
unloaded APTES-coated and mCherry-loaded MSNPs, respectively).

Table 3-2 — Characterisation of synthesised non-fluorescent mesoporous silica nanoparticles
(MSNPs) before and after loading with cargo: { potential and mean hydrodynamic diameter

¢ potential (mV)* Mean hydrodynamic
diameter (nm)
Unmodified MSNPs -24.03+0.48 275
PEI-coated MSNPs 44.53+0.29 147
Lamin A/C siRNA-loaded MSNPs 28.13+0.80 157
APTES-coated MSNPs -5.94+0.23 254
mCherry-loaded MSNPs 5.29+1.17 286

*Data presented as mean+SD (automated calculation by Zetasizer Nano ZS proprietary software (Malvern
Instruments, UK))

3.3.2. NANOTOXICITY OF UNLOADED MSNPS IN SPERM

3.3.2.1. Sperm motility and viability

Motility and viability were evaluated in sperm samples after 2 and 4 hours of incubation with three
types of unloaded MSNPs (unmodified, PEI-coated and APTES-coated) at a ratio of 10, 15 and
30ug of particles per 107 sperm using computer assisted sperm analysis (CASA) and eosin Y
staining. Collectively, the exposure of sperm to MSNPs did not result in a significant change in the
mean proportions of motile, progressively motile and viable sperm compared to control treatment
(p>0.05 for all comparisons between samples exposed to any type of MSNPs and respective
controls at 2 and 4 hours; Figure 3-2). Within the experimental samples, there was no significant
effect of the type of MSNPs, or the dose and duration of incubation with each type of synthesised

MSNPs upon total and progressive sperm motility and viability.
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Figure 3-2 — Proportions of motile, progressively motile and viable boar sperm after 2 and 4 hours of
exposure in vitro to different modifications of unloaded MSNPs in three particle/cell ratios assessed by
CASA and eosin Y staining (meantSEM from three repeats in each experimental-control pair;
experimental; pairs are divided by vertical dotted lines). Total and progressive motility and viability in
samples exposed to different types of unloaded MSNPs did not differ significantly from the time-matched
controls, obtained from the same ejaculates as experimental samples.
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Similarly, most sperm kinematic parameters evaluated by CASA in MSNP-treated samples
remained similar to respective controls at both time points for all types and doses of
nanoparticles (Figure 3-3). A reduction in the amplitude of lateral head displacement (ALH) was
observed after 4 hours of exposure to higher doses of unmodified MSNPs and all doses of coated
particles, and was accompanied by an increase in beat cross frequency (BCF) only in sperm
samples treated with APTES-coated MSNPs. However, these alterations in sperm kinematic
parameters were not associated with changes in other characteristics of sperm motion, and remained
within the reference range for fertile boar sperm (Didion, 2008), and consequently, were not likely

to have substantial biological significance.

3.3.3. ACROSOME MORPHOLOGY

Integrity of the acrosomal apical ridge in unstained fixed sperm samples exposed to three types of
unloaded MSNPs (unmodified, PEI-coated and APTES-coated) in a series of particle/sperm ratios
was examined after 4 hours of incubation. This straightforward technique allowed the identification
of structural impairments in the sperm acrosomal region directly involved in penetration of the zona
pellucida during fertilization. Such impairments can arise after acute or prolonged contact with
suboptimal environment and correlate with the sperm viability and fertilization potential (Pursel et

al., 1972; Tsakmakidis et al., 2012).

Exposure of sperm to MSNPs did not affect acrosome status at selected time points
(Table 3-3). Mean proportions of sperm with a normal apical ridge (NAR), indicating a structurally
intact acrosome, which correlated with preserved sperm capacity to penetrate the zona pellucida,
consistently exceeded 80% across all experimental and control samples, regardless of the type and

dose of MSNPs.
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Figure 3-3 — Motility parameters of boar sperm assessed by CASA after 2 and 4 hours of exposure in vitro to
different modifications of unloaded MSNPs in three particle/cell ratios (mean+SEM from twelve repeats in control
samples, up to seven repeats in experimental samples for unmodified and PEI-coated particles and three repeats in
experimental samples for APTES-coated particles; symbol (*) denotes subsets of categories, whose values are
significantly different from time- and ejaculate-matched controls at the 0.05 level. VAP: smoothed path velocity; VSL.:
straight line velocity; VCL: track velocity; ALH: amplitude of lateral head displacement; BCF: beat cross frequency.
STR (ratio of VSL/VAP) = straightness, LIN (ratio of VSL/VCL) = linearity.
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Table 3-3 — Proportions of boar sperm categorised upon the appearance of acrosomal apical ridge and
DNA fragmentation after 4 hours of exposure in vitro to different modifications of unloaded MSNPs in
three particle/cell ratios (mean+SEM)

NAR (%) DAR (%) MAR(%) LAC (%) DNA
fragmentation
index (%)

Control (PBS) 84.4+3.0 2.1+04 23+05 11.2+29* 2.8x0.5
10ug of particles  Unmodified MSNPs 90.3+2.4 2.7+0.7 25+x1.0 4.5%16 1.1+1.0
in PBS per 10’ PEI-coated MSNPs 89.0£2.1 4.0+29 2.6x1.0 4414 1.4+1.0
sperm APTES-coated MSNPs 89.6x1.4 3.0£0.6 1.0+0.6 6.4%1.9 1.5+0.5

15ug of particles  Unmodified MSNPs 88.4£3.3 4.3x1.8 1.5+05 6.0x2.0 0.7+0.1
in PBS per 10’ PEI-coated MSNPs 84.6+10.2 2.3+1.8 1.8+1.7 10.6+6.6 1.0+0.5
sperm APTES-coated MSNPs  85.2+2.4 6.5+2.1 25+0.5 5.8+0.7 0.7£0.4

30ug of particles  Unmodified MSNPs 88.2+3.8 4.2+22 0504 7.2+22 0.8+0.2
in PBS per10’ PEI-coated MSNPs 86.1+4.8 4.3+3.3 1.84#1.3 7.9+0.3 0.7£0.4
sperm APTES-coated MSNPs 94.4+2.0 2.3+1.1 1.3+0.3 2.0+0.6* 1.2+0.2

Mean+SEM from six repeats in control samples and three repeats in experimental samples; symbol (*) denotes subsets
of categories, whose values are significantly different from time- and ejaculate-matched controls at the 0.05 level; NAR
= ‘normal acrosomal ridge’; DAR = ‘damaged acrosomal ridge’; MAR = ‘missing acrosomal ridge’; LAC = ‘loosened
acrosome cap’

Interestingly, a significantly lower percentage of sperm with a loosened acrosome cap
(LAC), in which the acrosomal cap became detached from the sperm head, thus representing
acrosomal deterioration, was observed in samples treated with APTES-coated MSNPs at the highest
particle/cell ratio, compared to controls. This finding could suggest a protective role of APTES-
coated MSNPs in preserving acrosomal morphology during incubation, and, therefore, their
favourable effect during in vitro culture. Within the experimental samples, there was no significant
effect of the type and doses of MSNPs upon integrity of the acrosomal apical ridge, with the
exception of APTES-coated particles (significant effect upon the proportion of sperm with LAC;

F24=9.670, p<0.05).

3.3.4. SPERM DNA FRAGMENTATION INDEX

The proportion of sperm carrying fragmented DNA is being increasingly considered as an
independent marker of sperm quality and capacity to form viable embryos post-fertilization (Shamsi
et al., 2011), and can be affected by sub-optimal environment (Fraser et al., 2011). In this set of
experiments, sperm DNA fragmentation was visualised in MSNP-treated and control samples using

the sperm chromatin dispersion method (Figure 3-4), which is based on response variations of
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sperm chromatin with fragmented and non-fragmented DNA to protein depletion treatment, and has
been previously characterised as a simple, reproducible and inexpensive technique to detect DNA

breakage (Enciso et al., 2006).

Figure 3-4 — DNA fragmentations in boar sperm after exposure in vitro to unloaded MSNPs: sperm
chromatin dispersion test. A) Control; B) A representative image of sperm treated with unloaded
MSNPs after 4 hours of incubation. Sperm with fragmented DNA (indicated with white arrows) are
surrounded by disperse halos (‘rays’) of chromatin, while heads of sperm with non-fragmented DNA have
larger area and appear more intense. Staining with DAPI. Images converted to grey scale to facilitate
visualisation of the halos. Scale bar = 10um.

Mean DNA fragmentation index in sperm treated with MSNPs for 4 hours was not
significantly different from controls (Table 3-3). Across all analysed samples, DNA fragmentation
was consistently observed in fewer than 5% of sperm. Within the experimental samples, there was

no significant effect of the type and doses of MSNPs upon sperm DNA fragmentation index.

3.4. BINDING BETWEEN SPERM AND UNLOADED MSNPs
Binding rates between boar sperm and unloaded MSNPs were assessed after 2, 3 and 4 hours of
incubation to evaluate the effects of time and MSNP dose upon particle-sperm interaction. The term
‘binding’ was introduced to collectively describe apparent surface attachment and suspected
internalisation of MSNPs into sperm, both representing positive outcomes of interaction between
the nanoparticles and sperm cells.

MSNPs bound with sperm produced focal fluorescent signals in the sperm head, midpiece or

tail region (Figure 3-5).
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Figure 3-5 — Binding of unloaded MSNPs with boar sperm after exposure in vitro. A) Control;
B) A representative image of binding of unloaded MSNPs with sperm. Nanoparticles bound with sperm
produced focal fluorescent signals in the projection of various sperm regions (white arrows indicate MSNP-
sperm associations). Scale bar = 10um. C-E) Representative images of binding of unloaded MSNPs with
sperm. MSNPs (shown as green fluorescence) bound to the sperm head and midpiece.
Scale bar = 5um.

Binding rate between MSNPs and boar sperm was dependent upon the type (F25=9.041,
p<0.05) of MSNPs and their dose for the unmodified MSNP subset (F,4=8.427, p<0.05), and did
not change significantly throughout incubation (Figure 3-6). A significantly higher proportion of
sperm binding with MSNPs was observed after 2 hours of treatment with unmodified particles at
the highest particle/cell ratio (30pg per 10’ sperm), compared to lower doses of the same type of
MSNPs (17.4+2.9%, 20.8+5.7% and 41.0+9.2%, for 10, 15 and 30pg per 10” sperm, respectively;
p<0.05). This increase was temporary, as evidenced by a subsequent decline in binding between
unmodified MSNPs and sperm at the highest particle/sperm ratio after 3 and 4 hours of exposure.

This observation suggested a possibility for temporary weak interaction of sperm with unmodified
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mesoporous silica after 2 hours of treatment, followed by dissociation of bound particles from
sperm at later stages. On the contrary, MSNP-sperm binding rates in the two remaining types of
unloaded MSNPs (PEl-coated and APTES-coated) did not change significantly throughout

incubation, and were not markedly influenced by the dose of particles.
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Figure 3-6 — Binding rates between boar sperm and different modifications of unloaded MSNPs after
2, 3 and 4 hours of exposure in vitro in three particle/cell ratios (mean+SEM from up to seven repeats of
the experiment). Binding rate after 2 hours of exposure to unmodified MSNPs in the 30pg per 10’ sperm
ratio was significantly higher compared to lower particle/sperm ratios. Symbol (*) denotes subsets of
categories, whose values are significantly different from the binding rate for the 30ug per 10" sperm ratio at
the same experimental point at the 0.05 level.

For detailed investigation of the localisation of unloaded MSNPs in boar sperm after
incubation, thin section TEM was carried out. Although the findings obtained during TEM could
suggest that MSNPs adsorb to the sperm plasma membrane and a small proportion of nanoparticles
is potentially capable of internalising into sperm, the results were interpreted with caution because
of the low number of sperm demonstrating signs of interaction with MSNPs on the TEM images
and the possibility of imaging artifacts (Figure 3-7). For example, although Figures 3-7B and
3-7C indicated possible localisation of MSNPs in the region of the sperm nucleus and
intracytoplasmic compartment, these findings were not used as evidence in favour of particle

internalisation.
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Figure 3-7 — Localisation of unloaded MSNPs in boar sperm after exposure in vitro. A) Control; B)
Unmodified MSNPs in sperm. C,D) PEI-coated MSNPs in sperm. Nanoparticles appear on TEM images
as small dense (black) structures absorbed on the outer surface of the boar sperm plasma membrane (black
arrows) and inner to the plasma membrane, indicating potential internalisation (red arrows). Scale bar =
1pm.

3.5. NANOTOXICITY AND BINDING BETWEEN SPERM AND LOADED MSNPs

After confirming the biocompatibility of various modifications of MSNPs in boar sperm, a
minimally effective dose of 10pg particles per 107 sperm and a 2-hour incubation time was chosen
for subsequent experimentations with cargo-loaded MSNPs. In this set of experiments, a shorter
panel of nanotoxicity tests was applied, focusing mainly upon the effects of exposing boar sperm to
loaded MSNPs upon motility and viability.

After 2 hours of incubation, siRNA- and protein-loaded MSNPs had no significant effect
upon the mean proportion of motile, progressively motile, or viable sperm, compared to time-
matched controls. Similarly to unloaded MSNPs, treatment with MSNPs carrying the two most
common candidate types of biological cargo did not alter the key parameters of sperm motion, as

assessed by CASA (Figure 3-8).
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Figure 3-8 - Motility parameters in boar sperm assessed by CASA after 2 hours of exposure in vitro to
siRNA- and protein-loaded MSNPs (meantSEM from six control samples and three experimental
samples). A) Total and progressive motility and sperm viability; B) Sperm motion parameters. VAP:
smoothed path velocity; VSL: straight line velocity; VCL: track velocity; ALH: amplitude of lateral head
displacement; BCF: beat cross frequency. VAP: smoothed path velocity; VSL: straight line velocity; VCL:
track velocity; ALH: amplitude of lateral head displacement; BCF: beat cross frequency. STR (ratio of
VSL/VAP) = straightness, LIN (ratio of VSL/VCL) = linearity.

Binding rates between loaded MSNPs and boar sperm were calculated after 2 hours of
incubation and compared with the corresponding values for unloaded MSNPs in the 10pg per 10’
sperm ratio (PEI-coated MSNPs versus lamin A/C siRNA-loaded MSNPs and APTES-coated
MSNPs versus mCherry-loaded MSNPs). Binding rates between sperm and siRNA-loaded MSNPs
were significantly lower than for unloaded PEIl-coated MSNPs (1.8+0.7% versus 12.3+1.9%,
respectively; p<0.05). In contrast, loading of APTES-coated MSNPs with mCherry had no

significant effect upon binding rates with sperm (25.3£4.2% versus 19.0+1.5% for mCherry-loaded
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and unloaded APTES-coated MSNPs, p<0.05). The density of sperm coating with lamin A/C

siRNA-loaded MSNPs was lower, compared to mCherry-loaded MSNPs (Figure 3-9).

Figure 3-9 — Binding of loaded MSNPs with boar sperm after exposure in vitro. A) Lamin A/C siRNA-
loaded MSNPs; B) mCherry-loaded MSNPs. The density of sperm coating with lamin A/C siRNA-loaded
MSNPs was lower, compared to mCherry-loaded MSNPs. Scale bar = 5um.

3.6. NANOTOXICITY AND BINDING BETWEEN MOUSE OOCYTES AND UNLOADED MSNPs

Fluorescent unmodified and PEI-coated MSNPs adsorbed to the zona pellucida of mouse oocytes
after 2 hours of incubation, and the density of absorption was not markedly influenced by the
physicochemical properties of MSNPs (Figure 3-10). All oocytes in the experimental groups (n=8
for fluorescent unmodified, and n=16 for fluorescent PEI-coated MSNPs) showed signs of binding
with MSNPs. Although some green fluorescent signals were localised to the zona pellucida, which
could indicate penetration of MSNPs into transzonal channels, no spontaneous internalisation into

the oocytes was observed. No green fluorescence was observed in the control group (n=13).
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WGA FITC DAPI Composite

Figure 3-10 — Binding of unloaded MSNPs with mouse oocytes after exposure in vitro. A-D) Control
(nuclear plane); E-H) Fluorescent unmodified MSNPs (nuclear plane); I-L) Fluorescent PEI-coated
MSNPs (apical plane). Fluorescence from zona pellucida captured in the WGA channel, fluorescence from
MSNPs — in the FITC channel; nuclear fluorescence — in the DAPI channel. On E-F, ‘bleed through’ of the
WGA signal was observed in the FITC channel in the form of halo (non-specific fluorescence).
Nanoparticles bound with the oocytes produced focal fluorescent signals on the surface (white arrows) or in
the projection of the zona pellucida (yellow arrows). Density of adsorption was not markedly influenced by
the physicochemical properties of MSNPs. Scale bar = 20um.

Mouse oocytes were also microinjected with unloaded MSNPs to evaluate their
biocompatibility and potential for assisted intracellular delivery. Approximately 18 hours after
microinjections, the survival rate of oocytes consistently exceeded 70% and was not significantly
different between the MSNP-injected and control groups (Table 3-4). Intracellular fluorescence
was detected in 83.3% of the oocytes injected with unmodified MSNPs and only 40% of the

oocytes injected with PEI-coated MSNPs (Figure 3-11). Collectively, these results indicated an
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absence of acute toxicity of MSNPs in the oocytes, but also highlighted the technical difficulties
associated with the spontaneous and assisted internalisation of MSNPs into these specialised cells.

Table 3-4 — Survival rate of mouse oocytes 18 hours after sham microinjections and injections
with unloaded MSNPs

Survival rate Proportion of the oocytes with
intracellular fluorescence
No intervention (n=10) 100% N/A
Sham injections (M16) (n=10) 80% 0%
Unmodified MSNPs (n=10) 71.4% 83.3%
PEI-coated MSNPs (n=10) 100% 40%
WGA FITC DAPI Composite

Figure 3-11 — Unloaded MSNPs in mouse oocytes after microinjections. A-D) ‘Sham injection’
control); E-H) Fluorescent unmodified MSNPs; I-L) Fluorescent PEI-coated MSNPs. Fluorescence
from zona pellucida captured in the WGA channel, fluorescence from MSNPs — in the FITC channel;
nuclear fluorescence — in the DAPI channel. ‘Bleed through’ of the WGA signal was observed in the FITC
channel in the form of halo (hon-specific fluorescence). Nanoparticles localised inside the oocytes after
microinjections produced focal fluorescent signals (white arrows). Scale bar = 20um.
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3.7. DiIscussION

Research into the mechanisms of reproduction and early stages of embryo development is
continuously advancing in response to demands from the assisted reproduction sector (Gianaroli et
al., 2012) and regenerative medicine (Chen et al., 2012). Recent reports show that infertility is
estimated to affect almost 1.5% of the world population (Mascarenhas et al., 2012), and in
approximately 1 in 4 cases the causal factor underlying reproductive failure cannot be established
(National Institute for Health and Care Excellence (NICE), 2013). At the same time, the current
success rates of available treatments, including assisted reproduction techniques, remain low, with
only around 20% of treatment cycles resulting in live births (Sullivan et al., 2013). This justifies the
need for development of accurate research tools to investigate and target the fine mechanisms
underlying gametogenesis, fertilization and early embryo development.

There is increasing interest towards the use of nanomaterials in reproductive science,
supported by evidence that nano-products improve selectivity, affinity and detection limits of
existing methodologies, and enhance their performance (Petros and DeSimone, 2010; Lammers et
al., 2011; Arvizo et al., 2012). Today, nanomaterials have been applied in pilot experiments
involving nanotransfection during SMGT in cows and pigs (Kim et al., 2010b; Campos et al.,
2011a), transport of proteins into bovine sperm (Makhluf et al., 2008), experimental in utero gene
therapy in mice (Yang et al., 2011), sperm and oocyte bioimaging (Feugang et al., 2012; Feugang
et al., 2015), sex sorting of gametes in animal breeding (Barchanski et al., 2011), and labelling of
pre-implantational embryos during in vitro fertilization (Fynewever et al., 2007). However, the
range of nanomaterials tested in gametes remains very limited, and their long-term developmental
toxicity has not been evaluated extensively. Furthermore, accumulating reports concerning the
potential negative effects of many of these nanomaterials upon the DNA integrity in somatic cells
(Singh et al.,, 2009), highlights the need to further investigate the specific genotoxicity of

nanomaterials in gametes, and search for an optimal candidate for intra-gamete delivery.
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This part of the thesis investigated the effects of MSNPs that had been functionalised with
two common types of surface coating (PEI and APTES) and optionally loaded with lamin A/C
siRNA or mCherry protein, upon boar sperm and mouse oocytes during in vitro incubation. These
experiments, for the first time, addressed the use of MSNPs in mammalian gametes from the
perspective of a potential compound transfer vehicle. MSNPs had been previously well-
characterised as a safe and robust platform for experimental drug development, tissue engineering
and gene therapy in a variety of cells and model species (Rosenholm et al., 2012; Sharif et al.,
2012; Yang et al., 2012b). However, their performance as research tools in reproductive biology
had not been previously tested. Findings obtained during the first stages of this present research
supported the biocompatibility and cell binding capacity of MSNPs obtained in various cell types,
and extended it to boar sperm and mouse oocytes.

The biocompatibility of MSNPs with boar sperm and mouse oocytes represents an important
finding. Potential gameto- and embryo-toxicity of nanomaterials is a matter of continuous concern,
since developmental toxicity can be observed regardless of proven safety in somatic cells.
Currently, the preservation of sperm function has been reported following treatment with magnetic
nanoparticles (Kim et al., 2010b), halloysite clay nanotubes and commercial nanopolymer-based
transfection agents (Campos et al., 2011a; Campos et al., 2011b), polyvinylalcohol-functionalised
iron oxide nanoparticles (Ben-David Makhluf et al., 2006), and specific types of quantum dots
(Feugang et al., 2012; Feugang et al., 2015). At the same time, evidence regarding sperm toxicity of
perhaps the most common nanomaterials, such as nanogold and nanosilver, remains contradictory.
The effects of these agents vary substantially depending on physical and chemical properties of the
particles, dose and model organism (Braydich-Stolle et al., 2005; Wiwanitkit et al., 2009;
Barchanski et al., 2011; Moretti et al., 2012). Finally, the outcomes of nanoparticle exposure upon
oocytes have only been investigated in a select few studies (Courbiere et al., 2013; Tiedemann et

al., 2014; Feugang et al., 2015).
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This first set of experiments showed that exposure of boar sperm to unmodified, surface-
functionalised and cargo-loaded MSNPs in various particle/sperm ratios did not exert detrimental
effects upon the main parameters of sperm function, including motility, viability, kinematic
features, and acrosome status, after up to 4 hours of incubation in vitro, which represents the
conventional timeframe for sperm handling prior to IVF. In this set of experiments, the mean values
of key sperm motion parameters assessed by CASA after exposure to various modifications and
doses of MSNPs generally remained within reported reference ranges for fertile boar sperm
(Didion, 2008). However, it is of worth to note that small insignificant changes in sperm motility
parameters between MSNP-treated and control samples were observed. There was, therefore, a
possibility that those minor effects at the level of entire sperm population were a direct result of
larger effects within the subpopulation of sperm bound with MSNPs.

No reduction in the proportion of sperm exhibiting a normal apical ridge after exposure to
unmodified, PEI- and APTES-coated MSNPs using high-magnification light microscopy was
observed (Pursel et al., 1972). In this respect, findings were consistent with a previous study
reporting the preserved capacity of bovine sperm to undergo acrosome reaction after binding with
magnetite nanoparticles (Ben-David Makhluf et al., 2006). In addition, there was no significant
increase in the proportion of sperm exhibiting fragmented DNA after incubation with various types
and doses MSNPs. This observation suggested their low genotoxicity after short-term exposure. In
the case of oocytes, encouraging data were also obtained, showing that although spontaneous
intracellular internalisation of MSNPs did not occur in these cells, their persistence in the ooplasm
following microinjections did not result in acute toxic effects.

Another significant finding of this set of experiments was that MSNPs spontaneously bound
with boar sperm during incubation, which, crucially, did not affect sperm functionality. Since the
interaction between sperm and MSNPs has not been characterised previously, the term ‘binding’
was introduced herein to collectively describe the apparent surface attachment and potential

internalisation of MSNPs into sperm. Both these types of interaction represent positive outcomes,
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since many studies show that nanoparticles, which readily penetrate somatic cells, remain bound to
or sequestrated inside the plasma membrane of sperm (Ben-David Makhluf et al., 2006; Kim et al.,
2010b; Barchanski et al., 2011). Such a specific pattern of interaction most likely arises as the result
of different composition of the sperm plasma membrane, compared to somatic cells. These
differences include, for example, a highly compartmentalised structure of the membrane and
significantly higher proportion of unsaturated fatty acids, which increases the flexibility and
elasticity of the membrane, and allows sperm to travel in a swimming motion (Tapia et al., 2012).
Nonetheless, nanoparticles bound to the sperm membrane are reported to preserve their diagnostic
and delivery functions, and the lack of cellular internalisation does not compromise the
performance of research techniques based upon such methodologies (Kim et al., 2010b; Feugang et
al., 2012).

In the set of experiments with unloaded MSNPs, binding rate with sperm was not markedly
influenced by the type and dose of the particles, or incubation time. Although coating with PEI was
consistently reported to improve nanoparticle uptake in somatic cells (Xia et al., 2009; Hom et al.,
2010; Rosenholm et al., 2012), this effect was not observed in sperm, additionally highlighting the
highly specialised nature and properties of these cells. The observations of an initially higher
MSNP-sperm binding rate after exposure to unmodified MSNPs in the highest particle/cell ratio,
followed by a subsequent reduction in binding, correspond to a previous report by Makhluf et al.
(2006). This earlier study reported that stable binding of magnetite nanoparticles with sperm
occurred after approximately 1-2.5 hours of incubation, after an initial transient phase of loose
surface attachment (Ben-David Makhluf et al., 2006). Unfortunately, previous studies of interaction
between nanomaterials and sperm did not present data regarding the specific size of the sperm
population binding with NPs, and it was, therefore, difficult to classify the binding rate observed in
this set of experiments as low or high.

At the same time, loading MSNPs with cargo changed their binding rate with sperm. In this

study, lamin A/C siRNA and mCherry protein were applied as prototypes of molecular cargo for
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delivery into gametes or early-stage embryos. The reduction of binding rates between siRNA-
loaded MSNPs and sperm, compared to ‘empty’ (PEI-coated) MSNPs represented an unexpected
observation. In this set of experiments, siRNA was primarily absorbed onto the surface of the
particles, as evidenced by changes in { potential and hydrodynamic size after loading. Indeed, intra-
channel loading of siRNAs into the specific modification of PEI-coated MSNPs used in this project
would not be entirely straightforward. Specifically, the size of siRNA, estimated to measure ~2nm
(Sinden et al., 1998), was similar to the size of the pores in synthesized particles (2.1nm), which
would additionally reduce after coating with PEI. It could be possible that such external localisation
of cargo restricted binding of MSNPs only to dedicated regions of the sperm membrane, where
interaction with exogenous nucleic acid can occur (Parrington et al., 2007). Nevertheless, despite
this particular binding profile between nucleic acid-loaded MSNPs was observed, it was hard to
interpret whether such changes in binding would affect the delivery potential of MSNPs in view of
the previously discussed evidence that the lack of cellular internalisation into gametes does not
compromise the performance of nanomaterials as research tools.

In the set of experiments evaluating internalisation of MSNPs into mouse oocytes, no
evidence of spontaneous uptake was observed. These findings largely corresponded to the those
reported by other research groups who assessed the potential of nanomaterials to internalise into
mammalian oocytes in vitro. Specifically, Courbiere et al. (2013) report endocytosis of cerium
dioxide nanoparticles into mouse follicular cells, but not the oocytes, in which they aggregated
around the zona pellucida. In contrast, Tiedemann et al. (2014) reported intracellular uptake of gold
nanoparticles by porcine oocytes, while silver and alloy particles primarily localised inside the
follicular cells. Feugang et al. (2015) demonstrated that luciferase-conjugated fluorescent quantum
dots injected into porcine ovarian follicles could penetrate the oocyte, presumably via the system of
gap junctions between the follicular cells and the oolemma. Collectively, these studies highlighted
that spontaneous internalisation of nanomaterials into mammalian oocytes appears challenging and

depends on the nature of nanomaterial and, perhaps, animal species in which it is used.
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Furthermore, intra-oocyte internalisation occurs only in presence of functional follicular cells
around the oocyte, which seem to transport the nanocarrier through the zona pellucida into the
female gamete. In this Chapter, only mature denuded mouse oocytes were used, and the limited
uptake capacity could, therefore, be associated with two factors: firstly, the removal of cumulus
cells, and secondly, the physiologically low internalisation capacity of mouse oocytes compared to
other species (Courbiere et al., 2013; Tiedemann et al., 2014; Feugang et al., 2015).

In conclusion, this first set of experiments yielded encouraging outcomes regarding the
biocompatibility of MSNPs with boar sperm and mouse oocytes, and their potential for binding
with these highly specialised cells after exposure in vitro, without compromising their essential
functions. Therefore, MSNPs can represent a strong candidate for use in reproductive research,
including the delivery of molecular constructs into sperm for subsequent transfer into oocytes and
early-stage embryos at the time of fertilization. This non-invasive approach can overcome the high
costs and complexity of traditionally applied micromanipulation techniques, and facilitate non-
invasive genetic modification, targeted bioimaging, and the supplementation of specific molecular
deficiencies associated with aberrant fertilization or embryo development. However, despite the
overall encouraging findings, these experiments highlighted a number of important issues. Firstly,
binding rates between sperm and MSNPs remain at a relatively low level throughout incubation,
justifying the need to develop strategies to promote MSNP-sperm binding or selection of the
MSNP-sperm bound population. Secondly, although the prototypes of molecular cargo were used in
this set of experiments to demonstrate the feasibility of loading and the potential effects of such
loading upon the toxicity profiles of MSNPs, the delivery capacity of MSNPs was not evaluated
specifically. Finally, lack of evidence supporting the possibility for spontaneous penetration of
MSNPs into oocytes during incubation, and the technically challenging nature of microinjection-
assisted delivery of MSNPs into these cells, resulted in the research focus for the rest of this thesis

shifting predominantly to sperm.



Chapter 4. Evaluation of strategies to improve binding rates between sperm and MSNPs. 104

CHAPTER 4

EVALUATION OF STRATEGIES TO IMPROVE BINDING RATES
BETWEEN SPERM AND MESOPOROUS SILICA NANOPARTICLES

Key messages:

This chapter presents the results of experiments investigating three independent strategies to
increase binding rates between MSNPs and sperm over those previously reported in
Chapter 3. These strategies include: (1) sorting of MSNP-bound sperm from the total sperm
fraction using density gradient washing; (2) passive targeting via modification of the size of
MSNPs and (3) active targeting via the absorption of specific cell-penetrating peptide
C105Y with affinity towards moieties on the surface of MSNPs

Passive and active targeting of MSNPs towards sperm did not affect the biocompatibility of
MSNPs with male gametes

Both targeting strategies appeared to be incapable of promoting binding of particles with a
larger proportion of sperm within the total population, although they facilitated earlier
‘saturation” of MSNP-sperm binding rates

Active targeting of MSNPs towards sperm with C105Y represented the most efficient and
technically straightforward technique, which allowed to achieve a significantly quicker
‘saturation” of MSNP-sperm binding rate

The value of density gradient washing for selection of MSNP-bound sperm remained
limited, which additionally highlighted that MSNPs bound with sperm regardless of the
first-line parameters of their function
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4.1. BACKGROUND

The patterns of interaction between cells and nanomaterials, including uptake mechanisms,
intracellular fate and elimination pathways, are fundamentally dependent upon the physicochemical
properties of the nanomaterial, including size, shape, surface charge, surface coating and the
presence of ligands for active targeting (Petros and DeSimone, 2010; Kunzmann et al., 2011).
Intentional manipulation of these parameters would allows us direct nanocarriers to a specific
population of cells and promote more specific interaction with a particular cell type. The first set of
experiments, described in Chapter 3, showed that boar sperm spontaneously bound with MSNPs
during incubation in vitro, although the proportion of sperm binding with particles fluctuated
around a mean value of 20% throughout incubation, regardless of the type, dose and duration of
exposure to MSNPs. Quantification of the proportion of sperm binding to nanoparticles out of the
total number of sperm in the sample was not carried out previously, and, therefore, interpretation of
this number as ‘high’, ‘low’ or ‘acceptable’ remains difficult. Nevertheless, to optimise the
technique of nanomaterial-mediated delivery into gametes and, especially, sperm-mediated transfer
of compounds into oocytes, it appears logical to develop strategies increasing the proportion of
MSNP-bound sperm in samples. Such strategies include: sorting of MSNP-bound sperm from the
total sperm fraction, passive targeting via modification of the physicochemical properties of
MSNPs, and active targeting via absorption of specific moieties on the surface of MSNPs, which

promote binding with sperm.

4.1.1. SORTING OF SPERM ASSOCIATED WITH MSNPS USING DENSITY GRADIENT WASHING

Discontinuous density gradient washing (DGW) is an established procedure for sperm preparation
for assisted reproduction in a variety of biological species (Natali, 2011). DGW involves layering of
a sperm sample onto a one- or two-layer silica microbead gradient with specific density, and brief
centrifugation of the sample, followed by the collection and washing of resulting pellet. The pellet,

representing the fraction of ‘best-quality’ sperm, separated from immotile, dead, immature and
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senescent sperm and other cell debris (epithelial cells, white blood cells, bacteria), is then used for

downstream applications such as artificial insemination, IVF or ICSI (Figure 4-1).
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The specific choice of DGW as a sorting tool for selecting MSNP-bound sperm was
motivated by two main factors. Firstly, this technique is quick, inexpensive, does not require
dedicated costly laboratory equipment such as a flow cytometer and special training in its use, and
can be easily integrated into the existing workflow of ART laboratories. This coincides with the
vision of nanomaterials in reproductive science settings as tools to compliment existing procedures
in a simple and inexpensive way. Secondly, the technique of fluorescence-activated cell sorting
(FACS), an established tool for sperm separation into subpopulations in the field of animal
breeding, is known to be unsuitable for boar sperm, the animal model used throughout this thesis. In
boars, the multi-step protocol of sperm processing during FACS, involving exposure to laser beam
and high pressure, and mechanical damage, results in low sperm concentrations and poor survival
(Bonet et al., 2013). Therefore, the use of this costly technique, in its current form, would not add
substantial value to the methodology of nanoparticle-mediated delivery into gametes in this
particular animal model. Finally, from a purely research perspective, the use of DGW would allow a

fast and simple method to assess whether binding of MSNPs with sperm is restricted to a sperm
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population with particular functional properties such as motility, viability, or maturity, and, if this is
the case, whether this population of sperm is suitable for downstream use.

4.1.2. MODIFICATION OF THE PHYSICOCHEMICAL PROPERTIES OF MSNPS FOR PASSIVE
TARGETING TOWARDS SPERM

Passive targeting of nanomaterials is achieved via modification of their size, shape, surface charge
and coating, and plays an important role in the facilitation of nanoparticle-cell interaction.
Physicochemical properties of nanomaterials can determine the mechanisms of their uptake,
intracellular localisation and subsequent fate. For example, small nanomaterials (~20 nm) can be
internalised via pinocytosis, while larger nanoparticles can undergo scavenger receptor-, caveolin-,
or clathrin-mediated endocytosis depending on the nature of nanomaterial. In addition, carbon
nanotubes have been reported to effectively cross the plasma membrane via non-energy-dependent
mechanisms, such as diffusion and penetration (Kunzmann et al., 2011) (Figure 4-2). With regards
to intracellular localisation and subsequent elimination, nanoparticles internalised by somatic cells
via endocytotic pathways and entering the endolysosomal system, undergo gradual enzymatic
degradation and then are exocytosed from the cell (Albanese et al., 2012). Nanomaterials with free
cytoplasmic localisation, on the contrary, are noticeably more robust and can be transmitted to new

cell generations after random distribution during mitosis (Rees et al., 2011).

The diameter of MSNPs applied during the experiments described in Chapter 3 (~138nm)
fell within a range of ~50nm to ~450nm, previously characterised as being optimal for intracellular
uptake in somatic cells, and was close to the target value of ~100nm for MSNPs (Gan et al., 2012).
However, the significantly smaller size of sperm compared to somatic cells could render this
specific modification of MSNPs not entirely suitable for this particular cell type. Indeed, most
nanomaterials, which have been applied for intra-sperm delivery of molecular cargo thus far, were
characterised by a significantly smaller size, ranging, in general, from 5 to 50 nm (Table 4-1).
Therefore, production of smaller MSNPs for use in sperm could represent a well-justified strategy

in order to improve MSNP-sperm binding.
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Figure 4-2 — Mechanisms of intracellular internalisation of nanomaterials. Nanomaterials undergo
internalisation into cells via various intrinsic mechanisms of intracellular uptake. The specific route of
internalisation is highly dependent upon the nature, size and surface chemistry of nanomaterials (illustration
adapted and modified from Kunzmann et al. (2011)).

Table 4-1 — Nanoparticle-mediated delivery into gametes and cell-labelling in vitro: experimental
studies in animal models

Study Nanomaterial Size Application
Makhluf et al. (2008) Polyvinylalcohol- 11£2 nm Proof-of-principle transfer of anti-protein
coated magnetic iron kinase C-antibody into sperm
oxide NPs (Fe30y4)
Kim et al. (2010) Magnetic NPs N/A Facilitation of SMGT
(commercial agent) ~10nm”
Campos et al. (2011) PLGA nanopolymer N/A Facilitation of SMGT (‘NanoSMGT”)
(commercial agent)
Campos et al. (2011) PLGA nanopolymer N/A Facilitation of SMGT (‘NanoSMGT”)
(commercial agent) HCN:
and halloysite clay ~50 nm®
nanotubes (HCN)
Feugang et al. (2012) CdSe/ZnS quantum ~5-7nm ‘Live’ bioimaging of sperm
dots
Odhiambo et al.. (2014)  Magnetic iron oxide N/A Magnetic removal of defective sperm
NPs (Fe,03) 50nm or subpopulation from the ejaculate
250nm? (‘nanopurification”)
Feugang et al. (2015) CdSe/zZnS quantum 8.2+1.7nm  ‘Live’ bioluminescence imaging of mammalian
dots gametes
Barchanski et al. (2015)  Nanogold 5-45nm Proof-of-principle investigation of the potential
to label the specific DNA sequences in viable
sperm

Symbol (*) denotes approximation from the TEM images of particles bound to sperm; symbol (8) denotes
information obtained from the manufacturer’s product characteristics
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4.1.3. FUNCTIONALISATION OF MSNPS WITH A SPERM-SPECIFIC CELL-PENETRATING
PEPTIDE FOR ACTIVE TARGETING TOWARDS SPERM

Functionalisation of the surface of nanomaterials with specific affinity ligands, including
antibodies, aptamers, proteins, peptides, and small molecules, which selectively bind with specific
surface receptors in a target cell population, represents a common approach for improving the
accuracy of both cargo transport and uptake, and minimising off-target interaction (Lehner et al.,
2013). Although active targeting is widely used in the design of nanomaterials for systemic
applications, its benefits for the in vitro delivery of cargo into gametes have not been extensively
studied. Successful active targeting in gametes requires careful selection of affinity ligands which
would not interact with gamete surface receptors involved in fertilization and thus result in their
premature activation or inhibition. This requirement could limit the use of traditional
functionalisation tools, such as antibodies, and require the use of alternative targeting moieties,
among which cell-penetrating peptides represent a particularly interesting option.

Cell-penetrating peptides (CPPs) are a specific class of short cationic/amphipathic peptides
(<30 amino acids) with the remarkable ability to translocate across the plasma membrane in a
receptor- and energy-independent manner, and are able to transport a considerably larger molecular
cargo into cells (Patel et al., 2007; Jones and Sayers, 2012). CPPs represent a relatively novel class
of functionalisation agents for nanomaterials, with the first studies into the effects of CPP coating
upon nanomaterial uptake commencing around fifteen years ago (Santra et al., 2004). Nevertheless,
over the last 10 years, CPP-functionalised nanomaterials have been consistently shown to exhibit
improved cellular uptake in a variety of cell types, and are currently being proposed as a promising
alternative to more conventional active targeting moieties (Farkhani et al., 2014; Shi et al., 2014).
In addition, a number of CPPs have been described as possessing affinity towards mammalian
gametes and embryos, with several CPPs also demonstrating promising delivery capacity

(Table 4-2),
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Table 4-2— Cell-penetrating peptides with affinity towards reproductive tissues and gametes and their
delivery potential

Author Peptide Target Intracellular Delivery
translocation potential
Jones et al. (2013) Penetratin Bovine sperm Yes No
Tat Yes No
C105Y Yes N/A
Mitoparan Yes N/A
Inverso mitoparan Yes N/A
Inverso mastoparan Yes N/A
Transportan 10 Yes N/A
Yang et al. (2014) Poly-arginine 11R Fish (Takifugu Yes Yes
rubripes) spermary (Biologically
cells active Oct4)
Kwon et al. (2013) Human Mouse oocytes and  Yes Yes
papillomavirus L1 embryos (EGFP)
capsid protein
(LDP12)
Yang et al. (2014) 7X-arginine (R7) Mouse oocytes and  Yes Yes
embryos (Estrogen related
receptor [3)
Campelo et al. (2014)  Crotamine Bovine embryos Yes N/A

Recently, a 17-amino acid synthetic poly-cationic peptide known as C105Y
(CSIPPEVKFNKPFVYLI, Mw = 1994.41 g/mol) (Rhee and Davis, 2006), has been characterised
as displaying high affinity towards mammalian sperm (Jones et al., 2013). The structure of C105Y
is based on the amino acids 346-374 of al-antitrypsin, and this peptide was initially discovered as a
sequence within its C-terminus, which that could facilitate binding with the serpin enzyme complex
receptor and intracellular uptake of al-antitrypsin (Perlmutter et al., 1990). C105Y has been shown
to internalise by an energy independent process via lipid rafts and promote DNA transfer into target
cells (reviewed by Rhee and Davis, 2006). C105Y was later demonstrated to have encouraging
safety profiles in mammalian sperm, and predominantly distribute in the non-acrosomal portion of
the sperm head and mid-piece (Jones et al., 2013). C105Y has low toxicity and accumulates in the
sperm head, but not in the acrosomal and equatorial regions, which are involved in the earliest
stages of fertilization: binding with the zona pellucida, exocytosis of acrosomal granules, and
binding of the sperm post-acrosomal membrane with the oolemma. These features render C105Y an

attractive candidate for the surface functionalisation of nanocarriers for intra-sperm delivery.
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This Chapter presents the results of three sets of experiments investigating independent
strategies to increase binding rates between MSNPs and sperm in excess of the mean value of 20%,
observed in Chapter 3. Importantly, these strategies were designed to be applicable to routine
laboratory practice to allow their easy integration into the conventional ART laboratory workflow.
Findings presented in this Chapter demonstrate that binding of MSNPs with boar sperm during in
vitro exposure primarily occurred within a specific subset of boar sperm, which cannot be simply
assigned to a certain functional category (‘motile’, “viable’, ‘acrosome-reacted’). In addition, this
binding occurred independently of the physicochemical properties of MSNPs, such as size, surface
coating and presence of targeting moieties, although the reduction in MSNP size and use of active
targeting facilitated the earlier formation of MSNP-sperm associations. Collectively, these results
indicated the potential for passive and active targeting, but not simple first-line tools for sperm

selection, to improve the outcomes of nanoparticle-mediated delivery into gametes.

4.2. SPECIFIC DETAILS OF EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

The general materials and methods used herein are described in Chapter 2. Specific details of the
experimental procedures highlighted in this subsection relate to: (1) density gradient selection of
MSNP-bound sperm; (2) exposure of MSNPs (< 50nm) to boar sperm; and (3) exposure of MSNPs
(> 100nm), functionalised with C105Y, to boar sperm. Flowchart outlining the experiments

performed in this Chapter is presented in Figure 4-3.

4.2.1. DENSITY GRADIENT SELECTION OF MSNP-ASSOCIATED SPERM

For this set of experiments, 1ml aliquots were withdrawn from each boar sperm sample, centrifuged
at 500g for 10 minutes, washed from the extender with PBS (Oxoid, UK), resuspended in PBS to
500ul and treated with unmodified, PEI-coated and APTES-coated MSNPs (~138nm) at the
previously optimised dose of 10pg per 10” sperm or PBS (controls). Incubation was carried out for

up to 4 hrs.

Density gradients were prepared using the PureSperm 40/80 kit (Nidacon International AB,

Sweden) in accordance with the manufacturer’s instructions. Specifically, 2ml of PureSperm 80%
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was overlaid with 2ml of PureSperm 40% in a 15ml conical tube. After 2 and 4 hours of incubation,
experimental and control sperm samples adjusted to 1ml with PBS, were loaded onto individual
density gradients and centrifuged at 300g for 20 minutes. After centrifugation, the 40% layer of the
gradient was transferred into clean microtubes. The 80% layer was discarded, apart from the bottom
fraction, which was covering the pellet. The pellet was thoroughly mixed with the remaining
fraction of PureSperm 80%, transferred into a clean microtube and resuspended in washing medium
(PureSperm Wash, Nidacon International AB, Sweden) to 1ml. All samples were centrifuged at
500g for 10 minutes. After centrifugation, the supernatant was removed, and the pellets obtained
from the 40% and 80% layers of the gradient were resuspended in 50ul and 400ul of PureSperm
Wash, respectively. Sperm motility and binding rates with MSNPs in the 40% and 80% layers of
the gradient were assessed after 2 and 4 hrs of incubation in accordance with the standard
procedure. Given the high degree of concordance between the total motility values obtained during
CASA and viability values obtained using eosin Y staining in the previous set of experiments
described in Chapter 3, and the absence of effects of ~138nm MSNPs upon sperm viability after in
vitro exposure, this assessment was omitted from the panel of tests. Similarly, since the sperm
kinematic parameters after exposure to ~138nm MSNPs were extensively characterised in the
previous Chapter, a detailed analysis of sperm motion within each gradient layer was not carried
out.

Data obtained in this set of experiments (Section 4.2.1.) were analysed using a generalised
linear mixed model (GLMM) with post-hoc sequential Bonferroni adjustment, type of treatment

(control/MSNPs), gradient layer and time as fixed factors, and with ejaculate as a random factor.

4.2.2. EXPOSURE OF SPERM TO MSNPS < 50nm IN SIZE

For this set of experiments, 1ml aliquots were withdrawn from each boar sperm sample, centrifuged
at 500g for 10 minutes, washed from the extender with PBS (Oxoid, UK), resuspended in BTS (37¢g
dextrose hydrate, 6g sodium citrate dehydrate, 1.25g sodium bicarbonate, 1.25g disodium

ethylenediamine tetraacetate, 0.75g potassium chloride, 1000ml DDW; pH 7.33 (Pursel and
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Johnson, 1976)) to 500ul and subject to treatment with unmodified MSNPs (<50nm) in the doses of
1ug, 10pg, 15pg and 30pg per 107 sperm or BTS (controls). Incubation was carried out for up to 4
hrs. Sperm motility and kinematic parameters were evaluated after 2 and 4 hours of exposure.
Binding rates between MSNPs and sperm were evaluated after 1, 2, 3 and 4 hours of incubation.
Data obtained in this set of experiments (Section 4.2.2.) were analysed using a generalised
linear mixed model (GLMM) with post-hoc sequential Bonferroni adjustment, type of treatment
(control/MSNPs), gradient layer and time as fixed factors, and with ejaculate as a random factor.
Control samples were used as a reference category for the assessment of motility and motion
parameters; binding rates between sperm and C105Y-functionalised MSNPs were compared with
retrospective data for unmodified MSNPs (obtained during the course of experiments described in

Chapter 3).

4.2.3. EXPOSURE OF SPERM TO MSNPS > 100 nm IN SIZE, FUNCTIONALISED WITH C105Y
4.2.3.1. Characterisation of MSNPs (>100 nm) functionalised with C105Y

For this set of experiments, an additional panel of MSNP characterisation tests was performed to
permit a more detailed evaluation of the physicochemical properties of MSNPs following
functionalisation with C105Y for active targeting. Unmodified and C105Y-functionalised MSNPs
were characterised for { potential in incubation medium (Beltsville Thawing Solution, BTS, pH
7.33) using electrophoretic light scattering (Zetasizer Nano ZS, Malvern Instruments, UK), and
hydrodynamic size and number concentrations of particles were determined in phosphate-based
saline (Dulbecco’s PBS, Sigma-Aldrich UK, pH 7.4) by nanoparticle-tracking analysis (Nanosight
LM10, Malvern Instruments, UK). The number of free amine groups on APTES-coated MSNPs
was calculated using a colorimetric reaction with 2% ninhydrin reagent solution (Sigma-Aldrich,
UK). Binding of C105Y with APTES-coated MSNPs was confirmed by the spectrophotometric
measurement of peptide concentration in solution before and after the reaction (BiophotometerPlus,
Eppendorf, UK). The average number of ligands adsorbed on each C105Y-functionalised particle,

and the proportion of occupied amine groups, was calculated from the estimated quantity of
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adsorbed peptide, particle mass and number concentrations, and the quantity of free amine groups
before EDC-mediated cross-linking. To evaluate the potential spatial organisation of C105Y after
cross-linking on APTES-functionalised MSNPs, three-dimensional models of the peptide were
constructed in silico using the PEP-FOLD structure prediction server (Alland et al., 2005; Neron et
al., 2009), and analysed in Avogadro v1.1.1 (Hanwell et al., 2012). Particle numbers per sperm
were approximated from the known mass and number concentrations of C105Y-functionalised

MSNPs.

4.2.3.2. Exposure of sperm to C105Y-functionalised MSNPs (>100 nm)
One-millilitre aliquots were withdrawn from each sample, centrifuged at 500g for 10 minutes,
washed from the extender with PBS, and resuspended in 750ul of BTS. Sperm were then treated
with C105Y-functionalised MSNPs at a ratio of 10ug, 15ug and 30pg of particles per 107 sperm, or
free C105Y (0.02mM in 10% acetic acid) in a quantity equivalent to that adsorbed on the MSNPs,
or BTS (controls). Incubation was carried out for up to 2 hrs at 37°C under a low-oxygen
atmosphere, in accordance with our previous findings indicating that stable binding of MSNPs to
sperm can be observed after as little as 2 hrs of in vitro exposure Sperm motility, kinematic
parameters and acrosome morphology were assessed after 2 hrs of incubation. Binding rates
between sperm and C105Y -functionalised MSNPs were determined after 1 and 2 hrs. Levels of cell
fluorescence in sperm exposed to C105Y-functionalised MSNPs, and equivalent doses of free
C105Y, were also evaluated after 1 and 2 hrs. Corrected cell fluorescence levels were calculated by
subtracting the intensity of background fluorescence from the total pixel intensity value (red
channel) in approximately 100 individual morphologically-intact sperm per experimental condition
(Burgess et al., 2010), and expressed in arbitrary units (AU) per 1um?® of sperm surface. Image
processing and analysis was carried out using Fiji/lmageJ 1.48t (Schindelin et al., 2012).

Data obtained in this set of experiments (Section 4.2.3.) were analysed using a generalised
linear mixed model (GLMM) with post-hoc sequential Bonferroni adjustment and type of treatment

(control/C105Y-functionalised MSNPs/free C105Y), dose ratio, and time, as fixed factors, and with
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ejaculate as a random factor. For a detailed investigation of the effects of dose and the duration of
exposure to C105Y-functionalised MSNPs, or free C105Y, upon individual sperm, GLMM was
followed by logistic regression analysis of categorical data (total/progressive motility, proportion of
sperm with NAR, and binding rate between sperm and C105Y-functionalised MSNPs), controlled
for inter-sample variability. Control samples were used as a reference category for the assessment
of motility and morphology parameters; binding rates between sperm and C105Y-functionalised
MSNPs were compared with retrospective data for unmodified MSNPs (obtained during the course

of experiments described in Chapter 3).

4.3. RESULTS

4.3.1. DENSITY GRADIENT SELECTION OF MSNP-ASSOCIATED SPERM

Density gradient selection of MSNP-associated sperm was attempted after 2 and 4 hours of
incubation with unmodified, PEI-coated and APTES-coated MSNPs with a physical diameter of
~138nm, in a 10pg per 107 sperm ratio. This ratio was previously characterised as minimally
effective and sufficient to achieve stable binding with MSNPs in approximately 1 in 5 sperm during
in vitro exposure.

The type of treatment and gradient layer did not have a significant effect upon total and
progressive sperm motility at 2 hours of incubation when compared to time-matched controls
(Figure 4-4A, p>0.05). As anticipated, after 2 hours of incubation, total and progressive sperm
motility in the 80% layer were higher compared to 40%, although this difference was not
significant. However, at 4 hours of incubation, a significant effect of gradient layer, but not the type
of treatment, upon total (F119=18.049, p<0.05) and progressive (F119=19.614, p<0.05) motility was
observed. Contrary to the anticipated scenario, motility parameters appeared to be higher in the 40%

gradient layer, compared to 80%, both in experimental and control samples (Figure 4-4B).
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Figure 4-4 — Proportions of motile and progressively motile boar sperm in the 40% and 80% gradient
layers after 2 and 4 hours of exposure in vitro to various modifications of MSNPs (~138nm) in a 10pg
per 10" sperm ratio assessed by CASA (mean+SEM from three repeats of experiment). Symbols (*, #)
denote subsets of categories, whose values are significantly different from each other at the 0.05 level.

Analysis of binding rates between sperm and MSNPs in the two gradient layers for each
subtype of MSNPs did not reveal a significant effect of gradient layer or time of incubation upon
this parameter for all types of particles (p>0.05) (Table 4-4). This outcome restricted the use of
DGW as a selection tool for MSNP-bound sperm. The profiles of binding between MSNPs and boar
sperm remained similar to those previously observed. Specifically, MSNPs bound with sperm

produced focal fluorescent signals of variable size in various sperm regions (Figure 4-5).

Figure 4-5 — Binding of unloaded MSNPs with boar sperm after exposure in vitro and DGW.
A) Representative image of binding of unloaded MSNPs with sperm in the 40% gradient layer;
B) Representative image of binding of unloaded MSNPs with sperm in the 80% gradient layer.
Similarly to previous observations, nanoparticles bound with sperm produced focal fluorescent signals in the
projection of various sperm regions (white arrows indicate MSNP-sperm associations). Scale bar = 10um.
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Table 4-3 — Binding rates between sperm and different modifications of MSNPs (~138nm) in the 40%
and 80% layers during DGW

2 hours 4 hours
40% layer 80% layer P 40% layer 80% layer P
Unmodified MSNPs 11.9+3.6% 14.8+3.0% NS 24.7£9.2% 21.1+1.7% NS
PEI-coated MSNPs 14.847.3% 13.2+4.3% NS 16.5+6.4% 13.242.3% NS
APTES-coated MSNPs  22.1+5.9% 24.1+3.5% NS 25.8+10.6% 29.945.4% NS

Data presented as mean+SEM from three repeats of experiment; NS: not significant (p>0.05)

4.3.2. EXPOSURE OF SPERM TO MSNPS < 50 nm
4.3.2.1. Characterisation of MSNPs
Synthesis of non-fluorescent MSNPs was performed in a surfactant-templated base-catalysed sol-
gel reaction, as previously described by Zhu et al. (2011). Similarly to the reaction used to produce
MSNPs with an average physical diameter of >100nm, this reaction was based upon the mixing or a
surfactant template with a silica source in warm aqueous solution with alkaline pH, leading to the
assembly of silica nanoparticles, and, finally, removal of the surfactant to expose the porous
structure of MSNPs.

Synthesised MSNPs were characterised by electron microscopy. Particles had a mean
physical diameter of 24.0+0.4nm, however, the identification of individual MSNPs and their porous

architecture was difficult due to high levels of agglomeration on the TEM grids (Figure 4-6).

25+ .==| !E:.

nm
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Figure 4-6 — Characterisation of mesoporous silica nanoparticles (MSNPs). A) Transmission electron
microscopy image of unmodified MSNPs. Scale bar = 0.02um. B) Size distribution of synthesised
unmodified MSNPs: individual measurements of transmission electron microscopy images (mean+SEM
from 50 particles). As anticipated, synthesised MSNPs were characterised by a physical size <50nm, but
demonstrated the signs of agglomeration.
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MSNPs were characterised by an inherently negative { potential of unmodified silica
(-11.00+9.17mV). Assessment of hydrodynamic diameter in these MSNPs did not yield conclusive
outcomes. Specifically, no MSNPs with an anticipated diameter within the 10nm to 100nm range
were detected during centrifugation of MSNP suspension through the sucrose gradient. This
observation further highlighted the increased propensity of these MSNPs to agglomerate and form

Iarger structures.

4.3.2.2. Sperm motility after exposure to MSNPs < 50nm and MSNP-sperm binding rates
Total and progressive motility were evaluated in sperm samples after 2 and 4 hours of incubation
with four dose ratios of MSNPs with a mean physical diameter of 24nm (1, 10, 15 and 30ug of
particles per 10" sperm) using CASA. There was no significant effect of the type of treatment
(MSNPs/control) or dose of particles upon total and progressive motility in sperm exposed to
MSNPs (~24nm) at each of the evaluated time points. Moreover, sperm kinematic parameters
assessed by CASA were not significantly affected by the type of treatment (MSNPs/control) or dose
of particles at 2 and 4 hours of incubation (Figure 4-7).

Binding rates between sperm and MSNPs with a mean physical diameter of 24nm in four
particle/cell ratios were significantly affected by the dose of the particles (F3s7 = 27.706, p<0.05),

specifically the ratio of 1ug per 107 sperm, but not the time of incubation (Figure 4-8).
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Figure 4-7 — Motility parameters of boar sperm assessed by CASA after 2 hour and 4 hours of
exposure in vitro to MSNPs <50nm in four particle/cell ratios (meantSEM from three samples). A)
Total and progressive motility after 2 hours of exposure; B) Total and progressive motility after 4 hours of
exposure C) Sperm motion parameters after 2 hours of exposure; D) Sperm motion parameters after 4 hours
of exposure. VAP: smoothed path velocity; VSL: straight line velocity; VCL: track velocity; ALH:
amplitude of lateral head displacement; BCF: beat cross frequency. VAP: smoothed path velocity; VSL:
straight line velocity; VCL: track velocity; ALH: amplitude of lateral head displacement; BCF: beat cross
frequency. STR (ratio of VSL/VAP) = straightness, LIN (ratio of VSL/VVCL) = linearity.



Chapter 4. Results. 121

D MSNPs <50nm
60-

® 1ug per 107 sperm

& 10ug per 107 sperm
* 159 per 107 sperm
40- ¥ 30 ug per 107 sperm

% of sperm

Time (hrs)

Figure 4-8 — Binding of MSNPs <50nm with boar sperm after exposure in vitro. A) Control;
B) Representative image of binding of MSNPs with sperm (Ipg per 10’ sperm ratio).
C) Representative image of binding of MSNPs with sperm (15pg per 107 sperm ratio). D) Binding rates
between boar sperm and MSNPs after 1, 2, 3 and 4 hours of exposure in vitro in three particle/cell
ratios (meantSEM from four repeats of the experiment). Similarly to previous observations, nanoparticles
bound with sperm produced focal fluorescent signals in the projection of various sperm regions (white
arrows indicate MSNP-sperm associations). Scale bar = 10um. Symbols (*) denote subsets of categories,
whose values are significantly different from the 1pg per 107 sperm ratio at the 0.05 level.

The binding rates, observed in this set of experiments utilising ‘smaller’ MSNPs, remained
at the previously observed mean level of ~20% for the particle:cell ratios of 10, 15 and 30 pg per
10" sperm, and did not exceed 5% for the smallest particle:cell ratio of 1pg per 107 sperm. When the
binding rates between sperm and MSNPs <50nm were compared with retrospective data for
unmodified MSNPs >100nm, no significant effect of the type of treatment or time of exposure upon
this parameter was found. These findings indicated that passive targeting of MSNPs towards sperm
via a reduction in their relative size had limited value for improving binding rates compared to the

original ~138nm-sized MSNPs. However, the strong possibility for particle agglomeration
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represented a serious limitation when interpreting these findings. Interestingly, a trend towards
faster “saturation’ of MSNP-sperm binding rate at approximately 20% was observed for ‘smaller’
MSNPs, compared to ~138nm-sized MSNPs. Specifically, the average binding rates at 1 hour of
incubation across all dose ratios for ~24 nm and ~138nm were 15.9+2.2% and 9.4+2.0%,

respectively, although the effect did not reach the level of statistical significance.

4.3.3. EXPOSURE OF SPERM TO MSNPS WITH THE SIZE > 100 NM, FUNCTIONALISED WITH
C105Y

4.3.3.1. Characterisation of MSNPs (>100nm) functionalised with C105Y
Characterisation data of unmodified MSNPs were reported in Chapter 3. In brief, synthesised
MSNPs were slightly non-spherical with elongation in the direction of the pore channels, and with
ordered nanometre-sized pores displaying hexagonal symmetry when aligned with the beam. Prior
to functionalisation with C105Y, MSNPs had an average physical diameter of ~138nm with
~2nm-sized pores. Functionalisation of MSNPs with C105Y had little effect upon { potential in
incubation medium (-11.23+1.05 mV versus -11.57+0.56 mV for unmodified and C105Y-
functionalised MSNPs, respectively), and slightly increased their hydrodynamic size in PBS
(290+47.2nm versus 322+21.5nm for unmodified and C105Y-functionalised MSNPs, respectively),
assessed using nanoparticle-tracking analysis. Calculated peptide:MSNP binding ratio was
approximately 0.5nmol of C105Y per 10ug of MSNPs or ~1.4x10° molecules of C105Y per
nanoparticle, as estimated from the number concentrations of MSNPs. The average proportion of
occupied amine groups on the surface of MSNPs following functionalisation with C105Y,
calculated from the ratio between the number of free amine groups before cross-linking and the
amount of adsorbed peptide, was ~25%.

Modelling of the possible three-dimensional C105Y configurations in silico demonstrated
that the approximately 5nm-long string of 17 amino acids could fold into structures measuring

~2.3x1.3x1.5nm and, therefore, approximated the ~2nm pore diameter in synthesised MSNPs
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before treatment with APTES. Since the peptide used in this set of experiments was conjugated
with TMR (~1nm) (Ebara et al., 2014), resulting in an increase in size, and that MSNPs underwent
coating with APTES (~0.9nm), which reduced pore diameter, it was expected that EDC-mediated
cross-linking of free amine groups with carboxyl groups in C105Y-TMR was more likely to occur
on the surface of the MSNPs, rather than inside the pore channels, thus facilitating the presentation
of targeting moieties to sperm.

The previous sets of experiments described in Chapter 3 did not specifically characterise
the number of MSNPs presented to each sperm. This limitation was addressed in this set of
experiments, where the number of particles presented to each sperm for all three evaluated dose
ratios was estimated based on the known mass concentrations and estimated average number
concentrations of C105Y-functionalised MSNPs. As such, the number of C105Y-functionalised
MSNPs presented to each sperm in the 10ug of particles per 10” sperm ratio was approximated to
be in the order of 100. For the 15ug and 30ug of particles per 10” sperm ratios, each sperm was
exposed to approximately 150 and 300 particles, respectively. Geometric calculations demonstrated
that, given that the dimensions of boar sperm head are provisionally 3.5x7um (ellipse area:
~20um?) (Bonet et al., 2013) and the average diameter of the particle is ~138nm (circle area:
~0.015um?), nearly 1,330 particles would be required to fully cover the sperm head. Therefore, the
ratios of 10pg, 15ug and 30pug of particles per 10° sperm would result in coverage of 7.5%, 11.25%
and 22.5% of the sperm head in the case of full binding, respectively. It is, however, worth noting
that given the possibility of particle agglomeration, the precise number of primary MSNPs
presented to each sperm could differ from the values estimated. Therefore, to facilitate more
straightforward dosing and consistency of experiments, the dose of MSNPs was continued to be

expressed as the mass (ug of MSNPs) per cell number (millions of sperm) ratio.
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4.3.3.2. Sperm motility and morphology after exposure to C105Y-functionalised MSNPs
and free C105Y

Sperm motility, kinematic parameters and the proportion of sperm with NAR were evaluated using
CASA and high-magnification microscopy after 2 hours of incubation with C105Y-functionalised
MSNPs at ratios of 10, 15 and 30ug of particles per 10" sperm, or equivalent doses of free C105Y,
and compared to time-matched controls. Exposure to C105Y-functionalised MSNPs in all
nanoparticle/sperm ratios, and equivalent doses of free C105Y, did not result in a significant
negative effect upon the total or progressive motility of boar sperm on a population level across all
samples (Figure 4-9A and Figure 4-9B). Neither treatment resulted in a significant change in the
kinematic parameters of sperm, compared to time-matched controls (Figures 4-9D). Similarly, a
proportion of sperm with NAR, evaluated by high-magnification light microscopy, approximated
the reference threshold of 80% across all experimental groups exposed to C105Y-functionalised
MSNPs, or free C105Y, and did not deviate significantly from the control group (Figure 4-9C).
Interestingly, a separate logistic regression analysis of individual boar sperm data
(N=19,880) demonstrated a protective effect of both C105Y-functionalised MSNPs, and free
C105Y, upon total sperm motility (Table 4-4). The probability for an individual sperm to exhibit
motility after 2 hours of incubation with MSNPs+C105Y, or free C105Y, versus time-matched
controls increased by almost 18% (Odds ratio (OR): 1.177; p<0.05) and 20% (OR: 1.203; p<0.05),
respectively. Similarly, a one-unit increase of the dose of MSNPs+C105Y/free C105Y resulted in
an approximately 1% (OR: 1.008) increment in the probability of observing motility in an
individual sperm. In contrast, for progressive motility, exposure to C105Y-functionalised MSNPs,
but not free C105Y, significantly reduced the likelihood for an individual sperm to move in a
progressive fashion after 2 hours of incubation (-15.2%; OR: 0.848; p<0.05), compared to controls.
This observation prompted further assessment of the effect of both experimental agents upon the
sub-proportions of ‘rapid’ sperm, which move within the same velocity range, but in a less straight
fashion (VSL/VAP<45%). In this analysis, no significant effect of either C105Y-functionalised

MSNPs, or free C105Y, was demonstrated with regard to the probability of an individual sperm
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exhibiting ‘rapid’ motility. Collectively, these findings could indicate that on an individual sperm
level, binding of C105Y-functionalised MSNPs prevented sperm from moving at the highest
velocity with straight-line trajectory (‘progressive’), but did not affect the probability of sperm to
exhibit motility in general, including the ‘rapid’ classification.

Exposure to C105Y-functionalised MSNPs also served as a protective factor for boar
acrosome morphology. In logistic regression analysis of data from 2,220 individual sperm, the
probability of sperm to demonstrate a NAR following incubation with C105Y-functionalised
MSNPs increased by 75% (OR: 1.750, p<0.05) versus controls. No similar effect was observed in

the free C105Y group.

Table 4-4 — Odds ratios for observing motility, progressive motility and normal apical ridge in
individual sperm after 2 hours of exposure to C105Y-functionalised MSNPs or free C105Y*

5 -
Odds 95% Confidence Interval for

Outcome . Odds Ratio P
Ratio
Lower Upper

Motility® Type: 0.004
(N=12450) MSNPs+C105Y 1.177 1.060 1.307  0.002
Free C105Y 1.203 1.073 1.349  0.002
Dose 1.008 1.004 1.013  0.000
Progressive motility” Type: 0.024
(N=4197) MSNPs+C105Y 0.848 0.751 0.958 0.008
Free C105Y 0.896 0.788 1.018 NS
Dose 1.001 0.996 1.006 NS
Rapid sperm* Type: NS
(N=4569) MSNPs+C105Y 0.945 0.839 1.063 NS
Free C105Y 0.980 0.866 1.110 NS
Dose 1.001 0.996 1.005 NS
Normal apical ridge® Type: 0.000
(N=1739). MSNPs+C105Y 1.750 1.137 2.694  0.011
Free C105Y 0.905 0.596 1.377 NS
Dose 1.001 0.987 1.016 NS

* Control group used as a reference category; NS: not significant. Analysis included individual motility data for
19,880 sperm, and individual acrosome morphology data for 2,220 sperm. ? ¥°; = 1027.955, p<0.05, correct
classification: 63.5% of cases; b X27 = 747.513, p<0.05, correct classification: 75.8% of cases; © X27 = 600.749,
p<0.05, correct classification: 73.7% of cases; dxzs = 35.720, p<0.05; correct classification: 82.2% of cases.
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Figure 4-9— Motility, kinematic parameters and acrosome morphology of boar sperm assessed by CASA and high-magnification microscopy after 2 hours
of exposure to C105Y-functionalised MSNPs in various particle/cell ratios or equivalent doses of free C105Y. VAP: smoothed path velocity; VSL.: straight line
velocity; VCL.: track velocity; ALH: amplitude of lateral head displacement; BCF: beat cross frequency. For motility and kinematic parameters, data are presented as
mean £ SEM from five samples for controls and MSNPs+C105Y, and three samples for free C105Y. For acrosome morphology, data presented as mean + SEM
from three samples control and experimental samples. On the sample level, sperm motility, morphology and kinematic parameters after exposure to C105Y-
functionalised MSNPs/free C105Y remained unaltered, compared to time-matched controls (p>0.05).
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4.3.3.3. Binding of C105Y-functionalised MSNPs with sperm

Binding rates between boar sperm and C105Y-functionalised MSNPs were assessed after 1 and 2
hours of exposure, in accordance with our previous findings, indicating that stable adsorption of
MSNPs to the sperm surface occurred after just 2 hours of incubation in vitro. Similarly to our
earlier observations, C105Y-functionalised MSNPs bound to various sperm regions, including the
head, mid-piece and tail, and emitted sharp and focused fluorescent signals on a dark or
homogenously stained fluorescent background of variable intensity (Figure 4-10). In some sperm,
binding of C105Y-functionalised MSNPs followed a distinctive localisation profile of free C105Y,
which demonstrated high affinity towards the post-equatorial region of the sperm head and posterior

ring (junction of head and mid-piece).

Figure 4-10- Binding of C105Y-
functionalised MSNPs with  boar
sperm. Scalebar = 5 pum. A-B) C105Y-
functionalised MSNPs associated with
sperm emit sharp and focused fluorescent
signals in the projection of various sperm
regions (white arrows indicate MSNP-
sperm  associations; orange  arrows
indicate associations in post-equatorial
region of the head and posterior ring). C-
D) Binding of C105Y-functionalised
MSNPs with sperm. MSNPs bind to the
sperm head and midpiece, and produce a
sharp fluorescent signal on a dark or
homogenously  stained fluorescent
background (red arrow indicates a large
agglomerate of MSNPs).
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Binding rate between sperm and C105Y -functionalised MSNPs was significantly dependent
upon the dose of nanoparticles (F119=20.600, p<0.05), but not the time of exposure (Figure 4-11).
An increase in particle/sperm ratio from 10ug to 30ug per 10” sperm improved the binding rate at
both incubation time points by almost a third (23.7+2.7% vs 38.3+£0.6% at 1 hour, and 25.4+1.8%
vs 35.9+2.2% at 2 hours). At the same time, an increase in the duration of incubation from 1 to 2
hours did not markedly enhance particle-sperm binding. Analysis of individual sperm data
(N=4,749, v*¢ = 97.924, p<0.05, correct classification: 68.3% of cases) further confirmed these
findings, indicating that the probability of observing binding with C105Y-functionalised MSNPs in
an individual sperm increased by almost 3% for each one-unit increment of the applied dose of

C105Y-functionalised MSNPs (OR: 1.028; 95%CI [1.020-1.035]; p<0.05).
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Figure 4-11 — Binding rates between C105Y-functionalised MSNPs and boar sperm after 1 and 2
hours of incubation in vitro in various particle/cell ratios. Data presented as mean+SEM from five
samples. Each letter (a,b) denotes a subset of three dose categories within the same time point, whose values
do not differ significantly from each other at the 0.05 level. Symbol (#) denotes a subset of same dose
categories at two different time points, whose values do not differ significantly from each other at the 0.05
level.
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To evaluate the effects of functionalisation upon the binding capacity between MSNPs and
boar sperm, the binding rates of C105Y-functionalised MSNPs were compared with retrospective
data for unmodified MSNPs, obtained under similar conditions, and controlled for inter-sample
variability (Table 4-5). A significant effect of type (F137=12.100; p<0.05) and dose of
nanoparticles (F137=22.170, p<0.05) upon binding rate was observed. Binding of MSNPs with
sperm was significantly promoted by the functionalisation of MSNPs with C105Y (fixed coefficient
for MSNPs vs MSNPs+C105Y: -11.110; 95%CI [-17.582;-4.639]; p<0.05) and an increase in the
dose of unmodified MSNPs (fixed coefficient: 0.692; 95%CI [0.394; 0.989], p<0.05).
Functionalisation of MSNPs with C105Y markedly increased binding rates with boar sperm,
especially during the early stages of incubation, where an approximately 3- to 4-fold mean
increment was observed, allowing binding levels to be achieved that were similar to those after 2
hours of exposure to unmodified MSNPs, after just 1 hour of treatment.

Table 4-5 — Binding rates between sperm and C105Y -functionalised/unmodified MSNPs

1 hour 2 hours

Unmodified C105Y- P Unmodified C105Y- P

MSNPs  functionalised MSNPs functionalised

MSNPs MSNPs

MSNP/sperm ratio:

10ug per 10’ sperm 7.4+1.7% 23.7£2.7%  <0.05 17.4+1.9% 25.4+1.8% NS
15ug per 10’ sperm 6.4+4.4% 36.9£3.0%  <0.05 20.8+5.7% 26.0+4.5% NS
30ug per 10’ sperm 14.5+1.0% 38.3+0.6%  <0.05 41.049.2% 35.9+2.2% NS

NS=not significant

4.3.3.4. Cell fluorescence after exposure to C105Y-functionalised MSNPs and free C105Y

Cell fluorescence levels in sperm exposed to C105Y-functionalised MSNPs and equivalent doses of
free C105Y, were quantified after 1 and 2 hours of incubation to evaluate the effects of absorption
of C105Y on a nanocarrier upon its transport into sperm. Accumulation of free C105Y in boar
sperm was consistent with a previously described pattern for bull sperm: C105Y localised primarily
to the post-equatorial region of the sperm head, posterior ring and mid-piece (Jones et al., 2013).
Analysis of cell fluorescence levels, corrected for background fluorescence and expressed as

arbitrary units (AU) per 1 um?® of sperm surface area, demonstrated a significant effect of the type
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of treatment (Fy115:=51.338; p<0.05), dose of nanoparticles/free peptide (F11151= 75.054, p<0.05),
and time of exposure (F11151=91.961, p<0.05) upon fluorescence intensity.

Exposure of sperm to C105Y-functionalised MSNPs resulted in significantly increased
levels of cell fluorescence, compared to free C105Y, across all dose ratios and incubation time
points (Figure 4-12). In most cases, levels of cell fluorescence following exposure to the smallest
dose ratio of C105Y-functionalised MSNPs (10ug per 10’ sperm), or free C105Y, were
significantly different than the two larger dose ratios (15ug and 30ug per 10 sperm). Corrected
fluorescence intensity in sperm exposed to C105Y -functionalised MSNPs remained relatively stable
throughout the incubation period. However, in the free C105Y group, a reduction of cell
fluorescence at the 2-hour versus 1-hour incubation time point in the 15ug- and 30ug-equivalent

groups was observed.

4.4. DISCUSSION

According to data reported in Chapter 3, MSNPs demonstrated biocompatibility with mammalian
sperm and oocytes, and formed strong associations with approximately one in five sperm after
simple incubation in vitro. These observations render spherical MSNPs with hexagonal pore
symmetry as potential compound transfer vehicles for reproductive biology, along with other
nanomaterials such as polyvinylalcohol-functionalised iron oxide (Ben-David Makhluf et al., 2006;
Makhluf et al., 2008), magnetic nanoparticles (Kim et al., 2010b), halloysite clay nanotubes and
commercial polymeric nanotransfectants (Campos et al., 2011a; Campos et al., 2011b), nanogold
(Barchanski et al., 2015) and specialised CdSe/ZnS quantum dots (Feugang et al., 2012; Feugang et
al., 2015). Although previous studies did not specifically quantify the proportion of sperm
demonstrating binding with nanoparticles, but rather focused on the proportion of nanoparticles
bound, the average binding rates of 20-25% observed in the set of experiments described in
Chapter 3, appeared relatively low. From the perspective of reproductive biology, particularly for
experiments involving the sperm-mediated delivery of compounds into the oocyte at the time of

fertilization, the likelihood of transport should be directly proportionate to the number
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Figure 4-12— Cell fluorescence after exposure to C105Y-functionalised MSNPs or equivalent doses of
free C105Y. A) Sperm after exposure C105Y-functionalised MSNPs in a 10ug per 107 cells ratio. B) Sperm
after exposure to free C105Y in a dose, equivalent to absorbed on 10pg of C105Y-funtionalised
MSNPs.Scalebar = 5um. C) Levels of corrected cell fluorescence per 1um® of sperm surface area. Box plots
represent distributions (central horizontal line: median; box: 25-75" percentile; whiskers: min-max) of
corrected cell florescence per 1um?® of surface area of individual sperm from six samples. Each letter (a,b)
denotes a subset of three dose categories of each experimental agent within the same time point (i.e. 10 pg vs
15ug vs 30ug of MSNPs+C105Y at 1 hour), whose values did not differ significantly from each other at the
0.05 level. Symbol (*) denotes a subset of same dose categories of each experimental agent at two different
time points (i.e. 10 pg of MSNPs+C105Y at 1 hour vs 2 hours) whose values did not differ significantly
from each other at the 0.05 level. Symbol (#) denotes a subset of same dose categories of two different
experimental agents at the same time point (i.e. 10 pg of MSNPs+C105Y vs an equivalent dose of free
C105Y at 1 hour), whose values did not differ significantly from each other at the 0.05 level. Symbols (**)
and (##) denote subsets whose values differed significantly from each other at the 0.05 level (i.e. (*) vs (**),
p<0.05; (#) vs (##), p<0.05).
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of nanoparticle-carrying sperm. Therefore, the actual size of the sperm cohort carrying particles
could play an important role. This vision justified further research into the potential strategies to
improve MSNP-sperm binding, which motivated the experiments performed during the next stage
of the project and described in this Chapter.

4.4.1. SORTING OF SPERM ASSOCIATED WITH MSNPS USING DENSITY GRADIENT WASHING
Density gradient washing was chosen to select MSNP-bound sperm as a straightforward and time-
saving technique for sperm processing in an ART setting. This technique has been successfully
applied previously to prepare boar sperm for IVF, and results in reliable separation of sperm with
‘better” functionality from cell debris and immotile, dead, senescent or immature sperm (Matas et
al., 2011). The main scope of this thesis was to develop a technique for nanomaterial-mediated
delivery, which could form a valuable, but at the same time technically simple, addition to current
protocols for assisted reproduction. Therefore, DGW was chosen because it does not involve the
use of additional expensive equipment and trained operators, and can be easily implemented in any
laboratory setting. It is, however, worth noting that the gold standard for cell sorting into sub-
populations based upon the detection of fluorescent markers is FACS. As such, FACS has been
attempted for the sorting of sperm from buffalo (Lu et al., 2007), ram (Quan et al., 2015), stallion
(Mari et al., 2010), goat (Bathgate et al., 2013), boar (Vazquez et al., 2009), dog (Oi et al., 2013),
cat (Spinaci et al., 2007), deer (Kjelland et al., 2011), dolphin (O'Brien and Robeck, 2006), and
even humans (Karabinus et al., 2014); however, it is most established in cattle breeding. Currently,
several research groups are specifically developing nanoparticle-based probes for sperm sorting
using FACS as a photostable and more robust alternative to conventional fluorochromes. In
addition, nanoparticle-based probes would be able to detect specific DNA sequences inside sperm,
rather than quantify the total amount of DNA inside these cells, thereby increasing the accuracy of
this technique for sex sorting (Rath et al., 2013). However, the use of FACS for sorting MSNP-
bound boar sperm during the current set of experiments could represent a challenge, since sperm

from this species do not readily endure the exposure to laser beam, high pressure and mechanical



Chapter 4. Discussion. 133

factors, which are all inherently associated with FACS. As a result, FACS for boar sperm often
results in low sperm concentrations and poor survival and, therefore, has only limited value.

Density gradient processing of boar sperm did not result in the enrichment of sperm
fractions in MSNP-bound sperm either in the 40% or 80% gradient layers, for any of the
synthesised particles tested herein. Although the results of these experiments showed that DGW
cannot be used to sort MSNP-bound sperm, they also allowed me to reach an important conclusion:
the possibility to bind with MSNPs did not seem to be related to the first-line functional parameters
in individual sperm, such as motility, viability, or maturity. Although DGW was not able to
separate sperm based on their binding status with MSNP, it could still differentiate cells based on
their motility profiles, permitting the relative enrichment of the 80% layer with motile and
progressively motile sperm. The relatively small differences between motility parameters in these
two layers were attributed to the nature of the sourced sperm samples, which had already been pre-
purified from cell debris and poor quality sperm, resuspended in extender, and delivered in a
condition ready for artificial insemination.

Interestingly, an unexpected outcome of DGW was observed after 4 hours of exposure,
when the proportions of motile sperm appeared to be higher in the 40% gradient layer than in the
80% layer. This phenomenon was observed both in experimental and control samples, which
allowed me to eliminate the role of MSNP exposure. Since the principle of DGW relies upon the
sorting of sperm into sub-populations on the basis of cell density, this finding could be attributed to
possible sperm density changes in more active sperm sub-populations during prolonged handling in
PBS at 37°C, as opposed to the recommended long-term storage temperature of 17°C. For human
sperm, DGW has been reported to separate sperm with density differences of approximately 0.01
g/ml (1.10 g/ml for mature sperm and 1.06-1.09 g/ml for immature and morphologically abnormal
sperm), and therefore, even small density changes could interfere with DGW performance

(Malvezzi et al., 2014). These observations have further strengthened the justification that the
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minimally effective MSNP-sperm incubation time of 2 hours, after which binding rates appeared to

plateau, was, perhaps, associated with better procedural safety.

4.4.2. PASSIVE TARGETING OF MSNPS TOWARDS SPERM

Passive targeting of MSNPs toward sperm was achieved via the synthesis of particles with a
substantially smaller physical size, approximating 24 nm. This set of experiments was driven by the
hypothesis that the smaller size of MSNPs would better match the substantially smaller size of
sperm, compared to somatic cells, and thus facilitate binding and internalisation. Previously,
incorporation into the sperm cytoplasmic compartment or sequestration inside the surface
membrane has been reported for magnetic iron oxide NPs (Makhluf et al., 2008), CdSe/ZnS
quantum dots (Feugang et al., 2012; Feugang et al., 2015) and nanogold (Barchanski et al., 2015),
with a diameter almost 3- to 25-fold smaller than the ~138nm-sized MSNPs applied during the
experiments described in Chapter 3.

One of the benefits of mesoporous silica is its relative ease of production and adjustability
of the size of particles within the 10nm to 2um range (Yamada et al., 2013). Particle size control is
usually achieved via simple modification of the types and ratios of chemical reagents used as silica
sources during the reaction, and pH/temperature conditions at which the reaction is allowed to
proceed. Essentially, these changes direct the reaction towards one of two possible scenarios:
nucleation, which results in the formation of new particles, or growth, which increases the size of
existing particles (Matsoukas and Gulari, 1988, 1989). The protocol used to produce smaller
MSNPs with a size <50 nm for this set of experiments, utilised a different surfactant (CTAC versus
CTAB), and was carried out in the presence of ethanol and weak base (DEA) at considerably lower
temperatures (40°C versus 80°C) (Zhu et al., 2011). As anticipated, the protocol allowed to
synthesise MSNPs with a much smaller physical diameter than the particles used in Chapter 3
(24.0£0.4nm versus 138.4+3.8nm). The size of ‘smaller’” MSNPs, synthesised in this set of
experiments for passive targeting towards gametes, was generally comparable with values

previously described by Zhu et al. (approximate range from 28 to 46 nm).
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Reduction of MSNP size did not affect their biocompatibility with sperm, which represented
an encouraging observation. After 2 and 4 hours of incubation, the proportions of
motile/progressively motile sperm, and sperm kinematic parameters, in samples exposed to MSNPs
did not differ from time-matched controls. As mentioned previously, due to high concordance of
results between sperm viability assessment using eosin Y and evaluation of total sperm motility
using CASA, viability staining of sperm in this set of experiment was not carried out, as it was of
limited additional value. A reduction in MSNP size did not result in increased binding rates with
sperm thereby restricting the use of passive targeting as a strategy to improve binding rates with
these specialised cells. The only potentially biologically relevant phenomenon observed in this set
of experiments was that the use of MSNPs with a smaller size resulted in considerably quicker
saturation of MSNP-sperm binding rate a mean level of approximately 20% after just 1 hour of
incubation. The outcomes of nanotoxicity and binding experiments, however, were interpreted with
caution, given the possibility of MSNP agglomeration and, therefore, interaction with sperm as
much larger physical entities. In addition, the effect of passive targeting upon binding of
nanomaterials with gametes has not been investigated before and, therefore, interpretation of these
outcomes in the context of available evidence is difficult. Because of the seemingly low value of
passive targeting towards sperm and its unlikely application as a strategy to improve binding rates,
the panel of nanotoxicity tests in this subset of experiment was much less detailed and did not
include assessment of acrosome morphology and DNA fragmentation index.

Nanomaterials are intrinsically prone to agglomeration because of high surface energy,
which increases with decreasing particle size. Several independent groups have described that for
MSNPs with diameter <50 nm, agglomeration primarily occurs during the process of washing and
surfactant removal, and is associated with multiple sedimentation-redispersion cycles (reviewed by
Urata et al., 2009). In this set of experiments, the established technique of overnight refluxing in
acidic methanol had been chosen to remove CTAC from the mesopores, which, indeed, was

associated with multiple washing and redispersion steps. In their original publication, Zhu et al.
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removed surfactant using the alternative technique of calcination, which involved heating particles
to 550°C for 5 hours under low oxygen conditions. This approach, however, did not allow the
authors to fully prevent agglomeration, as evidenced by discrepancies between the mean physical
(~37nm) and hydrodynamic diameter (~80nm) of MSNPs, assessed by TEM and dynamic light
scattering, respectively. To address the issue of MSNP agglomeration during the removal of
surfactant, a dialysis technique has been proposed (Urata et al., 2009). This technique has been
shown to eliminate the templating agent from the mesopores of particles <20 nm while fully
preserving their dispersion. Initially, the set of experiments described in this Chapter planned to
evaluate the performance of dialysis for surfactant removal and assess its benefits for preventing
agglomeration of MSNPs <50 nm. However, given the time-consuming nature of these
experiments, especially the MSNP characterisation steps, and seemingly small benefits of passive
targeting of MSNPs towards sperm for improving binding rate, supported by recent evidence
demonstrating low permeability of sperm membranes even for sub-10nm-sized nanomaterials
(Feugang et al., 2012; Taylor et al., 2014a), these experiments were deemed of insufficient value
and not pursued further.

In conclusion, this set of experiments demonstrated that the passive targeting of MSNPs to
sperm via modification of particle size did not appear to affect biocompatibility with male gametes.
The value of such a targeting approach to improve MSNP-sperm binding rate thus appears limited,
although it may facilitate quicker ‘saturation’ of binding rate. Although particle size control for
MSNPs theoretically represents a straightforward procedure, for MSNPs with sizes approximating
or below 20 nm, like the particles used in this set of experiments, the important confounding factor

of agglomeration should be addressed in future.
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4.4.3. FUNCTIONALISATION OF MSNPS WITH A SPERM-SPECIFIC CELL-PENETRATING
PEPTIDE FOR ACTIVE TARGETING TOWARDS SPERM

This set of experiments aimed to investigate the effects of the functionalisation of MSNPs with a
17-amino acid synthetic poly-cationic cell-penetrating peptide C105Y (CSIPPEVKFNKPFVYLI)
(Rhee and Davis, 2006), upon the binding of MSNPs with boar sperm. The specific choice of
C105Y for surface functionalisation of MSNPs was driven, firstly, by encouraging evidence of its
high affinity towards mammalian sperm, compared to a subset of another 13 well-characterised
CPPs, including penetratin, Tat and mitoparan (Jones et al., 2013), and, secondly, its proposed
energy- and receptor-independent internalisation profile. The sperm membrane is highly
compartmentalised and undergoes continuous dynamic changes during the events preceding
fertilization (Garcia-Vazquez et al., 2011); therefore, the availability of a functionalisation agent,
which would not interact with a particular subset of surface receptors and potentially interfere with
these dynamic modifications, is highly favourable. Similarly to the previous sets of experiments
described in Chapter 3 the term ‘binding’ was collectively used to describe both surface binding
and potential internalisation as a positive outcome of interaction between MSNPs and sperm. There
Is growing evidence that the uptake of nanomaterials by gametes is not as straightforward as that of
somatic cells: most publications describe surface attachment or sequestration within the plasma
membrane as the primary outcome of exposure of gametes to nanomaterials, with only a very small
proportion of nanocarrier reaching the intracellular compartment (Ben-David Makhluf et al., 2006;
Fynewever et al., 2007; Kim et al., 2010b; Feugang et al., 2012; Courbiere et al., 2013; Taylor et
al., 2014a), and in some cases, none at all. Nevertheless, such profiles of interaction do not seem to
compromise the performance of research techniques based upon such methodologies, and therefore,
the precise mapping of C105Y-functionalised MSNPs was beyond the scope of this set of
experiments.

Data showed that functionalisation of MSNPs with the sperm-targeting cell-penetrating
peptide C105Y increased MSNP-sperm binding rate, and represented a viable strategy for the

arsenal of techniques available for reproductive biology. In this set of experiments, C105Y-
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functionalised MSNPs started to form stable associations with boar sperm after as little as 1 hour of
exposure, compared to 2 hours for unmodified MSNPs. Although a similar outcome was previously
observed for passive-targeted MSNPs, in this case, this increase reached the level of statistical
significance. Interestingly, the proportion of sperm demonstrating binding with C105Y-
functionalised nanoparticles was significantly increased compared to unmodified MSNPs after only
1 hour of exposure, indicating an increased affinity of functionalised MSNPs towards sperm during
the early stages of incubation. After 2 hours, although binding rates for C105Y-functionalised
MSNPs were mostly higher compared to unmodified particles, the difference was no longer
significant. At this point, binding rates in both groups stabilised at a plateau of approximately 20%-
30%, which was consistent with results from the previous set of experiments described in Chapter
3 and the preceding sections in Chapter 4. This observation could indicate that binding with
MSNPs occurs primarily in a certain subset of sperm, and that functionalisation of nanoparticles
with C105Y aids with initial “anchoring’ of MSNPs onto the surface of these cells, but not in the
entire sperm population. These findings coincide with the outcomes of all previous experiments in
this thesis, evaluating the performance of non-targeted and passively targeted MSNPs, as well as
sperm selection using DGW. In all these experiments, average binding rate between MSNPs and
sperm throughout incubation with different doses of particles fluctuated within a range from 20% to
30%. These consistent observations could suggest that sperm which bind with MSNPs most likely
possess specific plasma membrane properties, rather than belong to a certain motility or viability
category. These findings to a certain extent correspond to the results of a recent study by
Barchanski et al. (2015), who evaluated the effects of polydisperse gold nanoparticle
functionalisation with locked nucleic acids (LNAs) and various CPPs (deca-arginine, transactivator
of transcription and simian-virus 40 large T antigen nuclear localization signal) upon
binding/internalisation into sperm in attempt to design an efficient tool for the genetic labelling and
analysis of these specialised cells. In this particular study, the binding, uptake and intracellular

distribution of gold nanoparticles inside sperm was markedly influenced by a combination of
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particle surface chemistry, in particular dual functionalisation with LNAs and CPPs, and the
properties of sperm surface membrane. However, in contrast to findings described in Chapter 3
and Chapter 4, Barchanski et al. did not observe the positive effects of nanoparticle
functionalisation with CPP only upon the binding with sperm membrane, and emphasised the
significance of sperm acrosome status for internalisation of particles — a point which was not
addressed specifically during the experiments described in this thesis. In fact, the proportion of
sperm with a NAR in these experiments consistently exceeded the proportion of sperm bound with
C105Y-functionalised MSNPs. Therefore, sperm acrosome status was not considered an important
contributor to this interaction, and the affinity of certain sperm to MSNPs was largely attributed to
the particular, yet thus far unknown, combination of physical, chemical or biological properties of
their surface membranes.

In the present set of experiments, functionalisation of MSNPs with C105Y resulted in a
change of association pattern with boar sperm, with selected cells demonstrating binding of MSNPs
in the post-equatorial region of the sperm head and posterior ring — a profile previously described
for free C105Yed but rarely documented for unmodified MSNPs. This observation supports the
hypothesis that functionalisation of MSNPs with a cell-specific moiety is likely to alter their
binding profile with the target.

Exposure of sperm to C105Y adsorbed on MSNPs consistently resulted in a significant
increase of corrected cell fluorescence levels per 1 pum? of sperm surface area compared to free
C105Y, across all dose ratios and incubation time points. Nanoparticles were previously reported to
promote the uptake of exogenous DNA into sperm in nanoSMGT experiments (Kim et al., 2010b;
Campos et al., 2011a; Campos et al., 2011b), compared to standard SMGT, however similar
comparative studies with intracellular transport of proteins and peptides have yet to be carried out.
Even though the internalisation of nanomaterials into sperm in nanoSMGT experiments did not
occur consistently, the efficacy of cargo delivery was increased, perhaps due to structural

modifications of the plasma membrane following contact with nanoparticles (Taylor et al., 2014a).
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Interestingly, a reduction in cell fluorescence at the 2-hour versus 1-hour incubation time point in
the free C105Y group (15pg- and 30pg per 107 sperm equivalent groups) was observed. This was
an unexpected finding which could be readily interpreted in the context of existing scientific
literature, since previous experiments evaluated the delivery of C105Y into sperm only after 1 hour
incubation (Jones et al., 2013).

Finally, functionalisation of MSNPs with C105Y did not affect the biocompatibility of
mesoporous silica with boar sperm. Although both compounds have been tested for gametotoxicity
previously (Jones et al., 2013), confirmation of the biological safety of functionalised MSNPs in
sperm remained an essential step, since previous reports had highlighted the detrimental effects of
surface modification of nanomaterials, such as the removal of coatings or functionalisation
moieties, upon their toxicity profiles in gametes (Hsieh et al., 2009; Taylor et al., 2014a). In this
set of experiments, no negative effects upon total and progressive motility, kinematic parameters of
sperm, and the proportion of cell with a NAR were observed at the sample level following exposure
to various doses of C105Y-functionalised MSNPs, and equivalent amounts of free C105Y,
compared to control groups.

Additionally, a separate logistic regression analysis of individual sperm data, accounting for
inter-sample variability, was carried out. This analysis investigated the effects of exposure upon
cells in greater detail. Interestingly, analysis indicated a protective effect of both compounds upon
total sperm motility, and a beneficial role of C105Y-functionalised MSNPs upon the integrity of the
acrosomal apical ridge. This observation could be partially explained by the reported ability of
mesoporous silica to suppress the production of endogenous reactive oxygen species (Huang et al.,
2010), a powerful source of sperm oxidative damage. However, given the scarce nature of such
reports, this phenomenon required further investigation.

Another interesting outcome of the analysis of individual sperm data was the isolated
negative effect of C105Y-functionalised MSNPs, but not free C105Y, upon progressive motility

(VAP>45um/sec; VSL/VAP>45%), without a similar effect upon the probability to assign sperm to
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a ‘rapid’ motility category (VAP>45um/sec; VSL/VAP<45%). These results suggested that on an
individual sperm level, the physical binding of MSNPs does not necessarily result in sperm
retardation, but rather changes its swimming trajectory. In this set of experiments, the protective
effects of C105Y-functionalised MSNPs, and free C105Y, upon total sperm motility, the beneficial
effects of C105Y-functionalised MSNPs upon the integrity of acrosomal apical ridge, and the
isolated negative effect upon progressive, were detected at the individual sperm level, but not at the
sample level. This discrepancy could be explained by the pilot nature of these experiments and the
relatively small sample size.

In conclusion, this subset of experiments, for the first time, evaluated the use of a 17-amino
acid synthetic poly-cationic peptide, C105Y, with affinity towards mammalian sperm, for the
functionalisation of spherical MSNPs with hexagonal pore symmetry, and the subsequent use of
these functionalised MSNPs in boar sperm. Targeting of MSNPs towards sperm with C105Y
enhanced their ability to form strong associations with gametes following incubation in vitro. This
approach allowed earlier binding with the sperm surface, compared to unmodified MSNPs, and the
establishment of new binding profiles. The exposure of sperm to MSNP-absorbed C105Y resulted
in a significant increase in cell fluorescence levels, compared to free peptide, highlighting the
potential effect of nanoparticles upon the permeability of the sperm membrane. Finally, C105Y-
functionalised MSNPs retained biocompatibility with mammalian sperm from the perspective of
total motility and acrosome morphology. At the same time, interference with the trajectory of sperm
motion at the individual sperm level, due to anchoring of MSNPs to the surface membrane, could
represent one of the potential outcomes of binding.

Collectively, this set of experiments indicated that active targeting towards sperm with
appropriate moieties represented the most effective and technically straightforward tool to promote
favourable outcomes of interaction between sperm and MSNPs, compared to the selection of

MSNP-bound sperm or passive targeting towards sperm via modification of particle size.
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CHAPTER 5

ASSESSMENT OF THE DELIVERY POTENTIAL OF MESOPOROUS
SILICA NANOPARTICLES FOR MOLECULAR TRANSFER INTO
MAMMALIAN SPERM

Key messages:

This chapter presents the outcomes of experiments investigating the possibility to apply
MSNPs as DNA and protein delivery vectors for mammalian sperm.

Loading of molecular cargo onto appropriately functionalised MSNPs (PEI- or APTES-
coated for delivery of DNA or protein, respectively) allowed the intra-sperm delivery of
payloads, however the efficacy of such delivery did not exceed that of free cargo.

The combined use of C105Y-functionalised MSNPs, and free payloads, resulted in more
stable delivery into a larger number of sperm samples in the case of DNA transfer, and a
trend towards higher delivery efficacy into individual samples in the case of protein transfer.

Collectively, these outcomes strengthened the hypothesis that although the specific types of
MSNPs used in this thesis did not seem to internalise into sperm, which inhibited the uptake
of adsorbed cargo, exposure to actively-targeted particles promoted cargo uptake into these
specialised cells. This phenomenon could be attributed to as yet uncharacterised changes in
sperm membrane permeability for exogenous compounds in the presence of actively-
targeted particles, without their direct intracellular penetration.



Chapter 5. Background. 143

5.1. BACKGROUND

The use of nanomaterials for molecular delivery represents, perhaps, the most exciting application
for reproductive science. These multi-functional small-scale delivery tools are characterised by
unparalleled targeting options, physiological mechanisms of uptake, and ability to carry large
amounts of various payloads, including nucleic acids, proteins, peptides, aptamers, and small
molecules (Kim et al., 2013b; Lehner et al., 2013; Uskokovic, 2013; Choudhary and Kusum Devi,
2015). Nanomaterials have been consistently shown to promote the intracellular uptake of
molecular cargo and protect sensitive payloads from degradation, thereby resulting in a more

efficient and controlled drug delivery (Tsai et al., 2014).

The need for molecular delivery platforms for reproductive biology is the result of the
relative inefficacy of spontaneous uptake in mature gametes. Mature sperm are characterised by
severely compromised membrane recycling mechanisms. Therefore, their endo- and exocytotic
capacity appears almost redundant (Gadella and Evans, 2011; Jones et al., 2013). Such quiescence
of intracellular uptake in mature sperm renders the plasma membrane as a static, rather than
dynamic, barrier, which restricts intracellular transport of molecules in order to maintain the
structural and functional integrity of intracellular compartments (Jones et al., 2013). This ensures
the preservation of both paternal genetic material (Parrington et al., 2007) and protection from the
inadvertent triggering of intracellular signal transduction pathways, which can cause premature
acquisition of fertilization potential (Abou-haila and Tulsiani, 2009). In oocytes, which are
‘mechanically’ protected from the microenvironment by a barrier created by the zona pellucida,
intracellular delivery occurs via the surrounding cumulus cells. These specialised follicular cells
develop long processes which penetrate the zona pellucida and come into intimate contact with the
oolemma thereby permitting direct molecular exchange with the female gametes (VVanderhyden and
Armstrong, 1989; Eppig et al., 2005; Huang and Wells, 2010; Fragouli and Wells, 2012b).
Collectively, these protective mechanisms interfere with the performance of research techniques,

requiring the internalisation of molecular compounds into gametes. These techniques include, but
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are not limited to, gene transfer into reproductive tissues (lkawa et al., 2002; Ghadami et al., 2010),
SMGT (Brackett, 1971), and sperm sorting into sub-populations driven by the detection of a
specific intracellular marker, for example sex sorting (Rath et al., 2013). Although these
experimental techniques have been extensively studied over the last few decades, their efficacy
remains sub-optimal (Ikawa et al., 2002; Kojima et al., 2008; Eghbalsaied et al., 2013; Rath et al.,
2013), and their relative application is thus compromised.

An ideal vehicle for the delivery of molecular cargo into gametes should, most importantly,
possess the feature of safety. To be deemed safe for reproductive applications, this vehicle should
internalise into cells without profound disruption of the plasma membrane, have minimal effects
inside the intracellular compartment, preserve DNA integrity and be incapable of integrating into
the host genome. These features are essential, since opposite outcomes could lead to the loss of
developmental capacity in gametes or trans-generational effects in the offspring and, therefore, are
highly undesirable. Unfortunately, most of the existing intracellular delivery techniques, such as
electroporation, viral vectors and membrane permeabilisation, can be associated with unfavourable
effects in these specialised cells, which limits practical applications of these methodologies (Lamb,
2008; Garcia-Vazquez et al., 2011; Yamauchi et al., 2012). The sub-optimal performance of
conventional molecular delivery methods in reproductive science justifies the need to develop
novel, safe and effective delivery techniques. These techniques, ideally, should combine the main
advantages of viral vectors, such as high specificity and non-invasiveness of delivery, with the key
benefit of electroporation: an avoidance of viral integration into the host genome.

From this perspective, the use of nanomaterials for intra-gamete delivery appears
particularly advantageous, since they possess most of the requirements for optimal molecular
transfer platforms (Table 5-1). In addition, there is increasing evidence that the crucial processes
underlying gamete development, maturation and acquisition of fertilisation potential in vivo are
regulated by extracellular vesicles (EVs), natural nanoparticles, universally secreted by most pro-

and eukaryotic cells (Sohel et al., 2013; Sullivan and Saez, 2013). Moreover, these processes appear
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to be highly conserved across a variety of biological species These observations form another
justification for studies into the feasibility of manipulating these key processes using similar
‘engineered’ nanoplatforms.

Table 5-1 — Available delivery tools for the transfer of molecular compounds into gametes

Electroporation  Viral vectors Chemical reagents  Nanomaterials

Damage to cell + - + -

membrane

Mechanism of uptake  Passage through ~ Receptor- Passage through Mediated/non-
membrane mediated energy- membrane openings  mediated energy-
openings dependent dependent or

independent

Potential for artificial - + (vector - +++

targeting engineering) (functionalisation)

Risk of integration - + - -

into the host genome

Risk of host infection - + - -

Preservation of cell Poor Possible Poor Yes

function after cargo

transfer

The number of studies, which utilise nanomaterials for the transfer of molecular compounds
into gametes has been steadily growing since the mid-2000s. However, the total number of
publications in this area still remains relatively low. Currently, the spectrum of nanomaterials with
favourable biocompatibility with gametes/embryos includes polyvinylalcohol-functionalised iron
oxide (Ben-David Makhluf et al., 2006; Makhluf et al., 2008), magnetic (Kim et al., 2010b) and
polystyrene (Fynewever et al., 2007) nanoparticles (NPs), perfluorocarbon (Jallouk et al., 2014),
halloysite clay nanotubes and commercial polymeric nanotransfectants (Campos et al., 2011a;
Campos et al., 2011b), specialised CdSe/ZnS quantum dots (Feugang et al., 2012), and, although
with more controversy, nanogold (Taylor et al., 2014b; Tiedemann et al., 2014) and cerium dioxide
(Falchi et al., 2014; Preaubert et al., 2015). Most of these studies have consistently demonstrated
that the use of nanomaterials improves the efficacy of research techniques, based upon the
internalisation of molecular compounds into gametes. These techniques primarily involved loading

sperm with exogenous genetic constructs for subsequent SMGT into the oocyte at the time of
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fertilization (Kim et al., 2010b; Campos et al., 2011a; Campos et al., 2011b), proof-of-principle
transfer of proteins into sperm (Makhluf et al., 2008), and sorting into sub-populations (Barchanski
et al., 2015) — all with positive outcomes (Table 5-2).

Table 5-2— Nanoparticle-mediated delivery into gametes and intracellular cell-labelling in vitro:
experimental studies in animal models

Study Nanomaterial Application

Makhluf et al. (2008) Polyvinylalcohol-coated magnetic ~ Proof-of-principle transfer of anti-protein
iron oxide NPs (Fe30y) kinase C-antibody into sperm

Kim et al. (2010b) Magnetic NPs (commercial agent)  Facilitation of SMGT

Campos et al. (2011a) Nanopolymer (commercial agent) Facilitation of SMGT (*‘NanoSMGT?’)

Campos et al. (2011b) Nanopolymer (commercial agent) Facilitation of SMGT (‘NanoSMGT”)
and halloysite clay nanotubes

Barchanski et al. (2015) Nanogold Proof-of-principle investigation of the
potential to label the specific DNA
sequences in viable sperm

MSNPs have been extensively characterised as reliable delivery tools with large surface area
and pore volume, adjustability of physicochemical properties, high levels of safety and potential to
simultaneously carry several biological compounds (Vallet-Regi et al., 2007; Wu et al., 2011; Li et
al., 2012; Rosenholm et al., 2012; Wang et al., 2015). MSNPs have also been shown to act as
effective delivery platforms for drugs, peptides, fluorescent dyes, and nucleic acids in a variety of
cell types (Xia et al., 2009; Hom et al., 2010; Zhu et al., 2011; Na et al., 2012; Luo et al., 2014).
However, their delivery capacity in gametes has never been tested previously.

The experiments performed thus far in this thesis have provided encouraging findings
regarding the biocompatibility of different modifications of MSNPs, including particles targeted
towards mammalian sperm, with gametes. This Chapter presents the outcomes of the logical
continuation of this research and focuses on the results of investigation into the possibility to apply
MSNPs as delivery vectors for mammalian sperm. These results showed that loading molecular
cargo onto appropriately functionalised MSNPs (PEI- or APTES-coated) allowed the intra-sperm
delivery of payloads, however the efficacy of such delivery did not exceed that of free cargo. At the

same time, the combined use of C105Y-functionalised MSNPs and free payloads resulted in more
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stable delivery into a larger number of sperm samples in the case of DNA transfer, and a trend
towards higher delivery efficacy in the case of protein transfer. Collectively, these outcomes
strengthened the hypothesis that although the specific types of MSNPs used in this thesis did not
seem to internalise into sperm, exposure to actively-targeted particles promoted cargo uptake into
these specialised cells. This phenomenon could be attributed to yet uncharacterised changes in
sperm membrane permeability for exogenous compounds in presence of actively targeted MSNPs,

without their direct penetration into sperm.

5.2. SPECIFIC DETAILS OF EXPERIMENTAL PROCEDURES AND DATA ANALYSIS
Specific details of the experimental procedures and data analysis used for the generation of results
presented in this Chapter are described in Chapter 2.

In brief, to assess the delivery capacity of MSNPs into boar sperm, washed sperm were
exposed to the following treatments: (1) PBS; (2) free cargo (pHL-FcHis-mCherry or mCherry); (3)
MSNPs, loaded with cargo (PEIl-coated MSNPs loaded with pHL-FcHis-mCherry or APTES-
coated MSNPs loaded with mCherry); (4) unmodified MSNPs and free cargo (pHL-FcHis-mCherry
or mCherry); (5) C105Y-functionalised MSNPs and free cargo (pHL-FcHis-mCherry or mCherry).
All particle modifications were added to sperm in in the ratio of 10ug of particles per 10 cells. Free
cargo was added in the dose, equivalent to that adsorbed on 10ug particles. Incubation was carried
out for 2 hrs at 37°C under a low-oxygen atmosphere. All stock suspensions of nanoparticles
(concentration: 2mg/ml), in this case, were prepared with nuclease-free water. After 2 hours, the
incubation was stopped, unbound cargo removed via DNase | treatment (for DNA transfer) or
abundant washing (for protein transfer), and detection of intracellular delivery performed using

PCR and Western blot in DNA and proteins extracted from sperm, respectively.
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5.3. RESULTS

5.3.1. LOADING OF PEI-COATED MSNPS WITH PLASMID DNA
Non-fluorescent MSNPs (>100nm) were pre-coated with PEI and loaded with pHL-FcHis-mCherry

via co-incubation in a 10:1 ratio. Coating with PEI rendered the inherently negative surface charge
of MSNPs positive, thereby permitting the electrostatic attachment of DNA. Throughout
incubation, the concentration of free pHL-FcHis-mCherry in the supernatant decreased
exponentially, resulting in almost complete adsorption of the plasmid to PEI-coated MSNPs after

24 hours on incubation (Figure 5-1A).

A
150-
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Free pHL-FcHis-mCherry concentration
(ug/mil)

0
0123456

Time (hrs)

Figure 5-1 — Loading of PEI-coated MSNPs with pHL-FcHis-mCherry. A) Concentration of free pHL-
FcHis-mCherry in the supernatant from the reaction with PEIl-coated MSNPs during 24 hours of co-
incubation at 4°C. B) Agarose gel retardation test: Lane 1 — free pHL-FcHis-mCherry; Lane 2 — pHL-FcHis-
mCherry loaded onto PEI-coated MSNPs. Loading onto MSNPs prevents the migration of pHL-FcHis-
mCherry from the well into the 0.8% TAE agarose gel, in contrast to free plasmid; molecular weight marker
— 1kbp DNA ladder (New England Biolabs, UK). Data presented as mean+SEM from a minimum of three
repeats.

The agarose gel retardation test confirmed the loading of pHL-FcHis-mCherry on PEI-
coated MSNPs, as evidenced by ‘retaining’ of DNA adsorbed on MSNPs in the well, as opposed to
unrestricted migration of free pHL-FcHis-mCherry towards the anode (Figure 5-1B). Since the
adsorption of pHL-FcHis-mCherry on PEI-coated MSNPs was almost complete, 10ug particles was

estimated to carry 1ug plasmid DNA.
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5.3.2. LOADING OF APTES-COATED MSNPS WITH mMCHERRY

Non-fluorescent MSNPs (>100nm) were pre-coated with APTES and loaded via covalent
immobilisation with mCherry which had been expressed and purified in house. Coating with
APTES enriched the surface of MSNPs with free amine groups, thus allowing covalent absorption
of mCherry onto the particles via EDC-mediated cross-linking of these functional groups with
carboxyl groups in mCherry. Cross-liking was performed in an approximately 2:1 ratio
(MSNPs:mCherry), and resulted in almost complete absorption of mCherry on APTES-coated
MSNPs after 2 hours of incubation. Given the almost complete binding of mCherry to APTES-

coated MSNPs, 10ug particles was estimated to carry 5.5ug mCherry.

5.3.3. MSNP-MEDIATED TRANSFER OF DNA INTO SPERM

Mesoporous silica nanoparticles, pre-coated with PEI and loaded with pHL-FcHis-mCherry, were
used for the MSNP-mediated transfer of exogenous DNA into boar sperm. A ratio of 10ug MSNPs
per 10" sperm and an incubation time of 2 hours, which were characterised as sufficient to achieve
stable MSNP-sperm binding in the previous chapters of this thesis, were used for gene transfer
experiments. Given the almost complete adsorption of pHL-FcHis-mCherry on PEI-coated MSNPs,
the quantity of plasmid presented to each 10" sperm was approximated to be 1pg. This amount of
DNA fell within the range of doses previously described as sufficient for SMGT, from 200ng to
10pug per 107 sperm (Oddi et al., 2012; Lavitrano et al., 2013).

The benefits of loading DNA onto MSNPs were compared with the conventional technique
of SMGT, involving simple co-incubation of sperm with exogenous DNA in vitro (Lavitrano et al.,
2013). In addition, given previous indications of the potential of MSNPs to promote uptake of
molecular cargo into sperm, the outcomes of simultaneous sperm exposure to free exogenous DNA
and unmodified MSNPs or C105Y-functionalised MSNPs, were assessed. For all treatments, each
10" sperm were exposed to 10pg MSNPs and 1pg pHL-FcHis-mCherry, either in free or adsorbed

form.
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5.3.3.1. Quality control for detection of DNA transfer into boar sperm

Primer specificity was confirmed via the PCR amplification of target sequences using stock pHL-
FcHis-mCherry and control pig genomic DNA as templates. Amplicons with the length of 437bp
and 151bp, representing the mCherry sequence fragment within pHL-FcHis-mCherry and the swine
leptin gene fragment, respectively, were successfully visualised on an agarose gel (Figure 5-2A).
Alignment of sequencing data from PCR amplicons with source sequences of mCherry and swine
leptin confirmed an approximate 99% match (Figure 5-2C).

To ensure that the removal of non-internalised pHL-FcHis-mCherry from sperm samples
using DNase | was efficient, the efficacy of this step to digest free plasmid was also assessed.
Exposure of free pHL-FcHis-mCherry to DNase I in a 1:4 (5 pg: 20 units) ratio for 30 minutes at
37°C resulted in almost full digestion of plasmid DNA, as evidenced by the detection of only trace
amounts of the mCherry amplicon on an agarose gel after PCR (Figure 5-2B). These outcomes
confirmed that detection of pHL-FcHis-mCherry in boar sperm after exposure to free/adsorbed
plasmid and various modifications of MSNPs would be indicative only of the fraction of plasmid

transferred into sperm.

5.3.3.2. Efficacy of MSNP-mediated DNA transfer into boar sperm

Transfer of pHL-FcHis-mCherry into boar sperm after exposure to free/adsorbed plasmid and
various modifications of MSNPs was performed in 8 ejaculated (two repeats per ejaculate, on
average). Evidence of transfer was considered positive when a ~400bp band corresponding to target
mCherry sequence (437bp) was detected on agarose gels after PCR amplification of DNA,
extracted from boar sperm. A ~150bp band corresponding to the target swine leptin gene fragment
(151bp), was used as an internal control for the quantitative assessment of DNA transfer efficacy

(Figure 5-3).
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Figure 5-2 — Quality control for the detection of DNA transfer into sperm. A) Amplification of target
mCherry (437bp) and leptin (151bp) sequences using the PCR protocol with designed primers: Lane 1 — pig
genomic DNA + mCherry primers; Lane 2 -pHL-FcHis-mCherry + mCherry primers; Lane 3 — pig genomic
DNA + leptin primers; Lane 4 — pHL-FcHis-mCherry + leptin primers. B) Amplification of target mCherry
sequence from pHL-FcHis-mCherry before and after DNase | digestion. Lane 1 — after treatment with DNase
l'ina1:4 (5 pg: 20 units) ratio for 30min at 37°C. Lane 2 — before treatment with DNase | (a ~1:10 dilution
from the initial sample, subject to DNase | treatment). 1.3% TAE agarose gel, molecular weight marker —
GeneRuler 50bp DNA ladder (Life Technologies, UK). C) Pairwise alignment of sequencing data from PCR
amplicons with source sequences of mCherry and swine leptin.
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Figure 5-3 — Detection of pHL-FcHis-mCherry transfer into boar sperm: representative images.
A) Detection of target mCherry fragment (437bp) sequence via PCR amplification of the region of interest in
DNA extracted from boar sperm samples. B) Detection of target swine leptin gene fragment (151bp)
sequence via PCR amplification of the region of interest in DNA extracted from boar sperm samples. Lanes
represent different types of treatment: Lane 1 — control; Lane 2 — free pHL-FcHis-mCherry; Lane 3 — PEI-
coated MSNPs, loaded with pHL-FcHis-mCherry; Lane 4 — unmodified MSNPs and pHL-FcHis-mCherry,
Lane 5 — C105Y-functionalised MSNPs and pHL-FcHis-mCherry. 1.3% TAE agarose gel, molecular weight
marker — GeneRuler 50bp DNA ladder (Life Technologies, UK).

Positive evidence of pHL-FcHis-mCherry transfer into boar sperm was obtained in
approximately half of the 13 samples (6/13; 46.2%) available for analysis. In samples, where there
was no evidence of the transfer of pHL-FcHis-mCherry into sperm (7/13; 53.8%), the ‘true’
negative outcomes, caused by failure of transfer, were observed in approximately one third of cases
(2/7; 28.5%). In the remaining cases, the lack of evidence of pHL-FcHis-mCherry transfer into
sperm was caused by insufficient DNA amplification from experimental samples and, therefore,
could be inconclusive (Figure 5-4). The highest frequency of pHL-FcHis-mCherry detection was
observed in samples exposed to a combination of C105Y-functionalised MSNPs and free pHL-
FcHis-mCherry (30.7%; 4/13), followed by a combination of unmodified MSNPs and pHL-FcHis-
mCherry (15.4%; 2/13), pHL-FcHis-mCherry adsorbed on PEI-coated MSNPs (7.8%; 1/13) and
free pHL-FcHis-mCherry (7.8%; 1/13). The differences in frequencies of DNA transfer into sperm

between various treatments were not significant (p>0.05).
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Figure 5-4 — Transfer of pHL-FcHis-mCherry into boar sperm: qualitative outcomes. Qualitative
assessment of pHL-FcHis-mCherry transfer into boar sperm was based upon detection of a ~400bp band
corresponding to target mCherry sequence (437bp) was detected on agarose gels after PCR amplification of
DNA, extracted from boar sperm.

Quantitative assessment of the efficacy of MSNP-mediated DNA transfer into boar sperm
was performed using the densitometric quantification of relative intensity of bands, corresponding
to the mCherry target fragment, versus the internal control (swine leptin). Adjusted relative
densities were calculated as a ratio between the relative intensity of mCherry target fragment in
samples exposed to the combination of free/adsorbed plasmid and any modification of MSNPs
versus the relative intensity of mCherry target fragment in samples exposed to free plasmid only
(Figure 5-5). The only type of treatment associated with a higher value of adjusted relative
intensity of target mCherry fragment, compared to free plasmid, was the combination of C105Y-
functionalised MSNPs and pHL-FcHis-mCherry. Treatment with PEI-coated MSNPs, loaded with
pHL-FcHis-mCherry, and the combination of unmodified MSNPs and free pHL-FcHis-mCherry,
resulted in a lower adjusted relative density of target mCherry fragment, compared to free plasmid.

However, differences between the treatment types were not significant (p>0.05).
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Figure 5-5 — Transfer of pHL-FcHis-mCherry into boar sperm. Adjusted relative density of target
mCherry sequence amplified using PCR and visualused on agarose gels: densitometry assessment.
Mean adjusted relative density of target mCherry fragment in samples exposed to the combination of
C105Y -functionalised MSNPs and free pHL-FcHis-mCherry was higher compared to samples exposed to
free plasmid (p>0.05). Exposure to PEI-coated MSNPs loaded with pHL-FcHis-mCherry and unmodified
MSNPs and pHL-FcHis-mCherry resulted in lower adjusted relative density of target mCherry fragment
compared to samples treated with free plasmid only (p>0.05). Vertical dotted line represents the relative
mCherry density in samples exposed to free plasmid only. For ‘MSNPs and pDNA’ and ‘“MSNPs+C105Y
and pDNA’ treatments, data are presented as mean+SEM from two and four replicates, respectively.

5.3.3.3. Safety of exogenous DNA transfer into sperm with respect to sperm function

Sperm motility and viability were evaluated after 2 hours of incubation to confirm that exposure to
plasmid DNA in free and adsorbed form did not produce negative effects upon sperm function
under the specific conditions used during this set of experiments. The type of treatment had no
significant effect upon total and progressive sperm motility, assessed by CASA, and viability,
assessed by dual staining with SYBR green/propidium iodide, after 2 hours of incubation versus

time-matched controls (p>0.05) (Figure 5-6).
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Figure 5-6 — Proportions of motile, progressively motile and viable boar sperm after 2 hours of
exposure in vitro to various modifications of MSNPs (~138nm) in a 10pg per 10’ sperm ratio and
free/absorbed pHL-FcHis-mCherry in a 1pg per 10’ sperm ratio. Assessment carried out using CASA
and SYBR green/propidium iodide dual staining (mean+SEM from four replicates of experiment).

5.3.4. MSNP-MEDIATED TRANSFER OF PROTEIN INTO SPERM

Transfer of mCherry into boar sperm after exposure to free/adsorbed protein and various
modifications of MSNPs was performed in 3 ejaculates (three repeats per ejaculate). Evidence of
transfer was considered positive by the detection of a ~30kDa band corresponding to mCherry (28.2
kDa) on PVDF membranes after probing with anti-mCherry antibody (Figure 5-7). A ~50kDa
band corresponding to B-tubulin (50kDa) was used as an internal (loading) control for the
quantitative assessment of protein transfer efficacy. Immediately after sperm lysis, the absorbed
form of mCherry could be visualised as a band with a higher than expected molecular weight
(~50kDa) (Figure 5-7A), indicating that adsorption on MSNPs slowed down the migration of
mCherry during gel electrophoresis. After freezing/thawing, the ‘protein retardation” phenomenon
in samples exposed to mCherry adsorbed on APTES-coated MSNPs disappeared, which could

indicate the disruption of chemical bonds between the particles, EDC and protein (Figure 5-7B).
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Figure 5-7 - Detection of mCherry transfer into boar sperm: representative images. A) Detection of
mCherry (~30kDa) in boar sperm lysates. Lanes represent different types of treatment: Lane 1 — free
mCherry; Lane 2 — APTES-coated MSNPs, loaded with mCherry; Lane 3 — unmodified MSNPs and
mCherry, Lane 4 — C105Y-functionalised MSNPs and mCherry. Immediately after lysis, mCherry adsorbed
on APTES-coated MSNPs is visualised as the band with higher molecular weight. B) Detection of mCherry
(~30kDa) in boar sperm lysates. After freezing/thawing, the *protein retardation’ phenomenon disappears. C)
Detection of internal (loading) control, B-tubulin (~50 kDa), in boar sperm lysates. Lanes represent different
types of treatment (B and C): Lane 1 — control; Lane 2 — free mCherry; Lane 3 — APTES-coated MSNPs,
loaded with mCherry; Lane 4 — unmodified MSNPs and mCherry, Lane 5 — C105Y-functionalised MSNPs
and mCherry. PVDF membranes sequentially probed with rabbit anti-mCherry-1gG (1:2,500) + goat anti-
rabbit 1gG-HRP conjugate (1:1,000) and rabbit anti-B-tubulin-HRP conjugate (1:2,500), molecular weight
marker — Novex Sharp Pre-stained Protein Standard (Life Technologies, UK).
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Positive evidence of mCherry transfer was obtained in all 9 samples (Figure 5-8). mCherry
was successfully detected in sperm lysates from most samples exposed to mCherry absorbed on
APTES-functionalised MSNPs (88.9%; 8/9), C105Y-functionalised MSNPs and free mCherry
(88.9%, 8/9), and unmodified MSNPs and free mCherry (66.7%; 6/9). Interestingly, mCherry in
sperm lysates could be detected in all samples exposed to free protein without MSNPs (100%; 9/9).

Differences in the frequency of protein transfer into sperm between various treatments were not

significant (p>0.05).
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(9/9) (8/9) (6/9) (8/9)
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Figure 5-8 — Transfer of mCherry into boar sperm: qualitative assessment. Qualitative assessment of
mCherry transfer into boar sperm was based upon the detection of a ~30kDa band corresponding to mCherry
(28.2 kDa) on PVDF membranes after probing with anti-mCherry antibody.

Quantitative assessment of the efficacy of MSNP-mediated protein transfer into boar sperm
was performed using densitometric quantification of relative band intensity, corresponding to
mCherry in Western Blots of sperm lysates from samples exposed to the combination of any
modification of MSNPs (APTES-coated, unmodified, C105Y-functionalised) and absorbed/free
mCherry with versus free mCherry. Relative intensity of mCherry bands was adjusted for intensity
of the loading control (B-tubulin) (Figure 5-9). The highest adjusted relative density of the
mCherry band was observed after treatment with C105Y-functionalised MSNPs and mCherry

(~3-fold increase versus free mCherry), followed by unmodified MSNPs and free mCherry



Chapter 5. Results. 158

(~1.5-fold increase versus free mCherry). For APTES-coated MSNPs, loaded with mCherry, the
adjusted relative density of the mCherry band was lower than in samples exposed to free mCherry
(~10-fold decrease), which could indicate that covalent absorption of cargo on MSNPs restricts its
intracellular delivery into gametes. Differences in the adjusted relative density of mCherry between

various treatments were not significant (p>0.05).

MSNPs+APTES+mCherry{

MSNPs and mCherry-

MSNPS+C105Y and mCherry.. T

Figure 5-9 — Transfer of mCherry into boar sperm. Adjusted relative density of mCherry on Western
Blots of sperm lysates: densitometry assessment. Average adjusted relative densities of mCherry in
samples exposed to the combination of C105Y-functionalised MSNPs and free mCherry and unmodified
MSNPs and free mCherry were higher compared to samples exposed to free mCherry only (p>0.05). In
lysates from samples exposed to APTES-coated MSNPs loaded with mCherry, average relative densities of
mCherry were lower than in free mCherry only (p>0.05). Vertical dotted line represents the relative mCherry
density in samples exposed to free protein only. Data presented as mean+SEM from eight replicates for
‘MSNPs+APTES+mCherry’ and ‘MSNPs+C105Y and mCherry’ treatments, and six replicates for “MSNPs
and mCherry’ treatment.
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5.4. DISCUSSION

The growing evidence of the superiority of nanomaterials as targeted tools for molecular detection
and delivery has triggered their expansion into a variety of research and clinical disciplines,
including, but not limited to, oncology (Kim et al., 2013b), cardiology (Psarros et al., 2012),
neurology (Holmes, 2013), immunology (Gharagozloo et al., 2015; Serra and Santamaria, 2015),
and microbiology (Mahajan et al., 2012; Singh et al., 2014; Choudhary and Kusum Devi, 2015).
Reproductive science is a field where the concept of nanomaterial-mediated delivery was
particularly well received. Although a certain degree of caution over the long-term safety of these
methodologies remains, the universal benefits of nanocarriers such as versatility, large loading
capacity, ease of internalisation and non-biological nature, are viewed upon as highly advantageous
(Makhluf et al., 2008; Kim et al., 2010b; Campos et al., 2011a; Campos et al., 2011b; Feugang et
al., 2012; Rath et al., 2013; Jallouk et al., 2014; Odhiambo et al., 2014; Feugang et al., 2015).

Consequently, over recent years, nanomaterials have been increasingly investigated as
potential candidates for intra-gamete delivery, particularly delivery into sperm. These studies have
sought to improve the efficacy of SMGT (Kim et al., 2010b; Campos et al., 2011a; Campos et al.,
2011b), load sperm with exogenous proteins while preserving their viability (Makhluf et al., 2008),
and tag sperm for subsequent sorting based upon sex chromosome (Barchanski et al., 2015) or
functional status (Odhiambo et al., 2014). Apart from intracellular delivery, nanomaterials have
been used to tag preimplantation embryos (Fynewever et al., 2007), promote embryonic growth and
development (Pineda et al., 2012), and assist in the bioimaging of sperm (Feugang et al., 2012;
Feugang et al., 2015).

To date, the number of studies investigating nanomaterials specifically for delivery into
gametes remains relatively low. Since 2008, there have been only five peer-reviewed publications
describing the intentional use of nanoparticles to assist with SMGT, and load sperm with proteins or
molecular probes for subsequent sorting (Table 5-2). Nevertheless, these publications largely

provided encouraging evidence regarding the delivery capacity of specific nanomaterials, including
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magnetic iron oxide, halloysite clay nanotubes and nanogold. The promising outcomes of the earlier
subset of these publications influenced, to a certain extent, the experiments carried out throughout
this thesis in general, and this Chapter in particular.

The current experiments, for the first time, evaluated the ability of MSNPs to transfer
molecular cargo into mammalian sperm. Different modifications of MSNPs were first shown to be
biocompatible with mammalian sperm in the earlier chapters of this thesis. Therefore, experiments
performed in this Chapter represent a logical extension of research into the possibility of using
MSNPs as a delivery vector for reproductive biology. Specifically, these experiments assessed the
qualitative and quantitative delivery efficacy of MSNPs for DNA and protein transfer using
previously optimised incubation conditions such as particle/sperm ratios and duration of incubation.
Both types of cargo tested herein represent strong candidates for nanoparticle-mediated delivery
into sperm. The enhanced uptake of these compounds into male gametes could help promote the
efficacy of such techniques as SMGT, or exogenously supplement infertile sperm which are devoid
of specific molecular factors that are essential for fertilization with their analogues (such as sperm-
borne oocyte activating factors, for example PLCJ).

This Chapter presents the comparative analysis of qualitative and quantitative delivery
efficacy of MSNPs loaded with biological cargo (DNA/protein) versus free cargo and two types of
MSNPs, unmodified and C105Y-functionalised, which were mixed, but not loaded, with cargo.
This particular design of experiments was chosen to answer the following research questions:
firstly, does simultaneous exposure to MSNPs and absorbed/free payloads improve uptake into
sperm versus free payloads only; secondly, does payload adsorption on appropriately functionalised
MSNPs (PEI- or APTES-coated for DNA and protein adsorption, respectively) promote uptake
versus simultaneous treatment with non-adsorbed payloads and MSNPs; and, finally, does the
active targeting of MSNPs towards sperm improve their delivery efficacy versus non-targeted
loaded/non-loaded MSNPs, and cargo-only treatment. Collectively, these experiments sought to

assess, for the first time, the feasibility of MSNP-mediated delivery into mammalian sperm and
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logically complete this thesis by permitting conclusions to be drawn about the practicality of

MSNPs as delivery vectors for these specialised cells.

5.4.1. MSNPS FOR THE DELIVERY OF EXOGENOUS DNA INTO SPERM

The use of nanomaterials to promote exogenous DNA uptake into sperm forms one of the potential
strategies to improve the efficacy and reliability of SMGT. SMGT is based on the natural property
of sperm from different animal species to bind and uptake exogenous DNA during co-incubation
and deliver the construct into the oocyte at the time of fertilization, thus resulting in the production
of transgenic/mosaic embryos. SMGT forms an attractive and, in theory, straightforward technique
for genetic manipulation, which, in contrast to microinjection approaches, does not require
expensive specialised equipment and appropriately trained staff. In addition, SMGT can be used as
an alternative to pronuclear injections, or stem cell transfer into the blastocyst, in species where
micromanipulation transgenesis is generally challenging. For example, in the case of the porcine
model, the introduction of desired genetic traits into embryos via microinjection is compromised by
poor visualisation of the pronuclei due to the high lipid content of porcine oocytes (Coward et al.,
2007; Lavitrano et al., 2013), thus rendering SMGT the technique of choice.

SMGT was first described by Brackett (1971), who exposed rabbit sperm to simian virus-40
(SV-40) while investigating the possibility of SV-40 transmission into the oocyte during
fertilisation and surprisingly found that SV-40 DNA, but not the virus itself, could be internalised
into at least one in three sperm and further transmitted into the oocyte. These observations remained
largely unnoticed until 1989, when two independent reports of successful SMGT in mice and sea
urchins were published (Arezzo, 1989; Lavitrano et al., 1989), rekindling scientific interest in this
methodology. To date, the number of publications describing the use of SMGT for the production
of transgenic offspring exceeds 70, and the range of species where this technique was deemed
successful includes rodents, farm animals, monkeys, birds, insects, frogs and fish (Smith and

Spadafora, 2005; Coward et al., 2007; Parrington et al., 2011). However, the efficacy and
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reproducibility of SMGT are poor, and stable integration of genetic constructs into F; offspring
occurs in only approximately 25% of cases (Smith and Spadafora, 2005; Eghbalsaied et al., 2013).

Strategies to improve the efficacy of SMGT include electroporation, use of liposomes,
intracytoplasmic injection of oocytes with sperm exposed to free or liposomal forms of transgenes,
or linking of a transgene with specific monoclonal antibodies which target the sperm membrane
(revewed by Smith and Spadafora, 2005). The use of nanomaterials as carriers of exogenous DNA
into mammalian sperm represents another potential strategy to improve the efficacy and reliability
of SMGT. To investigate the feasibility of this approach, Kim et al. (2010) applied commercial
magnetic iron nanoparticles and an external magnetic field (“magnitofection’) to promote uptake of
the pCX-EGFP/Neo plasmid into boar sperm, and observed more than a 3-fold increase in the
efficacy of this technique compared to simple co-incubation and sperm transfection with
lipofectamine. In a further series of studies, Campos et al. (2011) showed that a commercial
nanotransfectant and halloysite clay nanotubes were also effective in internalising the pEGFP-N1
plasmid into bovine sperm. According to the results of these studies, the efficacy of ‘nanoSMGT”,
assessed as plasmid copy number per sperm, was approximately 2 times higher for halloysite clay
nanotubes and 3 times higher for commercial nanotransfectant versus free plasmid and lipofection.
The efficacy of ‘nanoSMGT’ for the delivery of exogenous DNA into 4-cell embryos was 4 times
higher for both types of nanomaterials versus free plasmid and lipofection.

Despite this encouraging evidence from different research groups, the beneficial effects of
MSNPs upon the uptake of exogenous DNA into sperm were not confirmed in this thesis. In fact,
loading pHL-FcHis-mCherry onto PEI-coated MSNPs did not promote DNA delivery into sperm
compared to free DNA, both from a qualitative and quantitative perspective. Specifically, pHL-
FcHis-mCherry was detected in the same number of samples (1/13) exposed to free plasmid and
plasmid that was electrostatically adsorbed on PEI-coated MSNPs. From a quantitative perspective,
the delivery efficacy for PEI-coated MSNPs loaded with pHL-FcHis-mCherry was less than half

that recorded for the free plasmid.
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The two remaining types of treatment, specifically co-exposure to unmodified or C105Y-
functionalised MSNPs and free pHL-FcHis-mCherry, resulted in the transfection of a larger number
of samples (2/13 and 4/13, respectively). In the case of unmodified MSNPs and free pHL-FcHis-
mCherry, quantitative delivery efficacy was lower than that for free plasmid. However, in the case
of C105Y-functionalised MSNPs and free pHL-FcHis-mCherry, comparable efficacy was observed.

Therefore, the only modification of MSNPs, which demonstrated beneficial effects for intra-
sperm delivery, involved active targeting towards mammalian sperm via functionalisation with
C105Y. These particles demonstrated the potential to deliver DNA into a larger number of samples
compared to other types of treatment, but did not promote the uptake of larger quantities of plasmid.
It is particularly important to note that the two single cases of DNA transfer into sperm after
exposure to free pHL-FcHis-mCherry and pHL-FcHis-mCherry adsorbed on PEI-coated MSNPs,
and one out of the four transfer cases after exposure to the combination of C105Y-functionalised
particles and free pHL-FcHis-mCherry, were observed in the same sperm sample. This corresponds
to previous observations by Lavitrano et al. (2013), who consistently demonstrated that sperm from
different boars have variable capacity to spontaneously incorporate exogenous DNA. Therefore, in
accordance to their recommendations, only sperm from specific animals with proven ability to
uptake transgenes should be used to achieve reproducible outcomes of SMGT for transgenesis. In
the view of these observations, it appears encouraging that exposure to unmodified and C105Y-
functionalised MSNPs allows the delivery of DNA into sperm from animals other than those which
seem to be intrinsically prone to uptake exogenous DNA into gametes. It could be hypothesised that
co-incubation with MSNPs, especially the C105Y -functionalised MSNPs, alters the permeability of
sperm membranes for exogenous cargo, an assumption already made in Chapter 4 of this thesis.
However, this effect was only preserved when payloads were dispersed in culture medium in free
form, and not absorbed on the MSNPs.

One possible hypothesis to explain the lack of effect in respect to the loading of plasmid

onto PEI-coated MSNPs is that the specific modification of particles used in these experiments had
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not been consistently shown to internalise into sperm in the previous chapters of this thesis.
Although all three previously discussed studies which applied nanoparticles for SMGT included a
step of particle loading with plasmid DNA, the nature of chemical bonds formed between the
particles and nucleic acid during this process, and quantities of DNA loaded onto the particles, were
not described. As such, in the studies by Campos et al. (2011a,b), the internalisation of
nanoparticles into sperm was not assessed. It was, therefore, difficult to draw conclusions whether
the improved efficacy of plasmid transfer into sperm was indeed the consequence of ‘true’ particle
internalisation or simply changes in sperm membrane permeability without particle penetration. In
the study by Kim et al. (2010), the enhancement of plasmid delivery into sperm was associated with
minimal internalisation of magnetic iron nanoparticles into some gametes thereby highlighting that,
for these particles, intracellular uptake might not be necessary for efficient delivery. In contrast to
observations by Kim et al. (2010), the lack of uptake of the MSNPs used in this thesis appeared to
be a limiting factor. However, this thesis utilised particles with substantially larger size than the
magnetic iron oxide NPs used by Kim et al. (~138nm versus ~10nm), which could result in a
fundamentally different mechanism of interaction with the sperm membrane.

Collectively, the outcomes of the present set of experiments suggested that although PEI-
coated MSNPs could be efficiently loaded with plasmid DNA in doses which had previously been
characterised as sufficient for SMGT, such loading, in fact, restricted the delivery of cargo into
sperm. In contrast to previous observations by other research groups, which indicated that
intracellular penetration of loaded particles was not essential for cargo transport into the
cytoplasmic compartment, the lack of intracellular uptake appeared to limit the delivery efficacy of
cargo-loaded MSNPs. Interestingly, the co-incubation of sperm with unloaded particles and free
cargo seemed to extend the potential application of MSNPs for exogenous DNA transfer to sperm
from a wider subset of animals, although the quantities of plasmid internalised into sperm did not
differ significantly from those observed after exposure to free payloads. This phenomenon was

observed more often for MSNPs actively targeted towards mammalian sperm with C105Y. It could
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be hypothesised that in the cases of combined treatment with MSNPs and free cargo, the qualitative
improvement in uptake efficiency was related to changes in sperm membrane permeability. The
free nature of cargo could allow its unrestricted internalisation into cells, without being ‘held back’
by the adsorption of a relatively inert and large nanocarrier. It is of particular worth to note that
these conclusions, although seeming logical in the view of available evidence, were drawn with a
great degree of caution, given the small number of samples analysed and technical limitations of the
experimental procedures, primarily related to amplification failures. Importantly, the procedure of
DNA transfer into sperm remained safe from the perspective of the first-line parameters of sperm

function, including total and progressive motility, and viability.

5.4.2. MSNPS FOR THE DELIVERY OF EXOGENOUS PROTEIN INTO SPERM

Sperm supplementation with exogenous proteins could become a promising strategy for
replacement therapy for sperm-specific molecular deficiencies, resulting in aberrant fertilisation and
embryo development. Among these, a sub-family of molecules termed ‘sperm-borne oocyte
activating factors’ (SOAFs), and particularly PLCC, represent particularly strong candidates for
exogenous supplementation in the cases of male infertility caused by structural or functional
abnormalities of these proteins (Amdani et al., 2013; Amdani et al., 2015). These cases are believed
to account for the majority of unsuccessful ICSI procedures in clinical IVF. At present, the only
available tool to improve reproductive outcomes in such scenarios is the use of mechanical,
chemical or electrical artificial oocyte activators, which remain the source of debate, since their
efficacy and safety is still under scrutiny (Sfontouris et al., 2015).

This thesis was under in a research group with a long history of studies into the roles of
SOAF in oocyte activation, and the development of methods to produce exogenous replacement
therapies for SOAF deficiencies. Development of nanoparticle-based delivery vectors that are
capable of transporting proteins inside sperm, therefore, complemented the general research
strategy in the group, ultimately aiming to a design a comprehensive solution for the treatment of

rare forms of male infertility.



Chapter 5. Discussion. 166

To date, there has been only one study investigating the delivery of proteins into
mammalian sperm using nanomaterials. In 2008, Makhluf et al. described the use of modified
polyvinyl alcohol (PVA) magnetite (Fe3O4) nanoparticles for intracellular transfer of anti-
proteinkinase C (PKC) a antibody into bovine sperm. This antibody absorbed onto the particles was
internalised into sperm after 1 hour of incubation and retained its functional activity, thereby
allowing the use of this technique for immunoassays and studies of protein localisation in living
cells (Makhluf et al., 2008). This study, however, had a proof-of-concept design and did not
compare the efficacy of nanoparticle-mediated delivery of anti-PKCa to the efficacy of free anti-
PKCa.

In the set of experiments described in this Chapter, MSNPs were also proven to be capable
of protein transfer into sperm. However, the qualitative and quantitative efficacy of such transfer
did not significantly exceed the efficacy observed for free protein. The presence of mCherry protein
in sperm lysates following exposure to APTES-coated MSNPs loaded with mCherry, and free
mCherry, was observed similar numbers of analysed samples. In contrast to anticipated outcomes,
the adsorption of mCherry on APTES-coated MSNPs appeared to restrict its delivery into boar
sperm from the quantitative perspective, resulting in the transfer of only approximately one-tenth of
the amount of mCherry which was delivered into sperm after exposure to free protein only.
Combined treatment with unmodified MSNPs and free mCherry resulted in slightly lower
qualitative delivery efficacy compared to free protein, but similar amounts of delivered protein.
Exposure of sperm to combination of C105Y-functionalised MSNPs led to the uptake of
approximately double the amount of mCherry than protein-only treated sperm.

Interestingly, results from the current nanoparticle-mediated protein transfer experiments
showed trends similar to those observed during DNA transfer into sperm. Specifically, the
adsorption of payloads on appropriately functionalised nanomaterials did not seem to promote their
uptake into sperm. In fact, such adsorption appeared to restrict the intracellular delivery of

molecular cargo, and was likely to underlie poor MSNP internalisation into sperm. This
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phenomenon was even more pronounced for protein-loaded particles, which could be explained by
the inherently stronger nature of covalent bonds involved in protein adsorption compared to
electrostatic bonds, which were formed between payloads and particles during DNA loading.

Furthermore, active targeting of MSNPs towards mammalian sperm with C105Y seemed to
partially rescue transfer outcomes (qualitatively in the case of DNA and quantitatively in the case of
protein). It could be hypothesised that active targeting of MSNPs towards mammalian sperm, and
earlier formation of MSNP-sperm associations, which was observed in Chapter 4 of this thesis,
indirectly facilitated the uptake of molecular payloads.

In summary, the set of experiments performed in this Chapter demonstrated that MSNPs
loaded with cargo were capable of payload delivery into sperm. However, MSNPs did not promote,
but rather restricted, uptake compared to free cargo. It is likely that these unexpected outcomes are
the result of poor MSNP internalisation into sperm and, therefore, retardation of cargo in the
extracellular compartment together with the particles. Exposure of sperm to actively targeted
particles resulted in a trend towards better delivery efficacy, either facilitating delivery into a larger

subset of samples or increasing the quantity of delivered cargo.
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CHAPTER 6

ASSESSMENT OF THE BIOCOMPATIBILITY AND DELIVERY
POTENTIAL OF MESOPOROUS SILICA NANOPARTICLES FOR
MOLECULAR TRANSFER INTO HUMAN SPERM

Key messages:

This chapter presents the outcomes of experiments investigating the biocompatibility and
delivery potential of MSNPs as DNA carriers into human sperm.

MSNPs preserved their biocompatibility and potential to bind with cells when applied to
human sperm, although MSNP-sperm binding profiles demonstrated inter-species specificity
and were significantly affected by the dose of particles and time of exposure.

All types of MSNPs tested promoted transfer of DNA into human sperm compared to the
spontaneous uptake of free exogenous DNA.

The use of active targeting with C105Y had limited value in human sperm, indicating the
potential for species-specific effects.

Collectively, these outcomes supported the possibility to apply MSNPs as safe delivery
vectors into human sperm, although further studies are warranted to evaluate their
performance in fresh gametes, and gametes with compromised function, prior to
experimental clinical use.
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6.1. BACKGROUND

Despite the interest towards nanomaterial-mediated delivery for reproductive biology, the use of
this technology in human gametes, even in the context of in vitro trials, remains sparse. To date, the
spectrum of nanomaterials tested in human gametes, or, more precisely, human sperm, remains
narrow, and includes nanogold, nanosilver, cerium dioxide, titanium dioxide and zinc oxide
(Table 6-1). All of these nanomaterials were shown to exert the negative impact upon sperm

function, including reduction in motility and viability, and the promotion of DNA damage.

Table 6-1- Nanomaterials in human sperm: in vitro nanotoxicity studies

Study Nanomaterial Size Final Effects
(nm) concentration
Wiwanitkit et al. (2009) Nanogold 9 N/A Loss of motility in 25%
sperm

Particle penetration into
sperm head and tail
Sperm ‘fragmentation’
Gopalan et al. (2009) Zinc oxide 40-70 11.5-92.3 ug/ml  Sperm DNA damage
Titanium dioxide  40-70 3.73-59.7 pg/ml

Terzuoli et al. (2012) Nanosilver 65 125-500 uM Decrease in sperm motility
and viability
Moretti et al. (2012) Nanosilver 65 30-500 uM Decrease in sperm motility
Nanogold 50 and viability
Perrin et al. (2014) Cerium dioxide N/A 0.01-10 pg/ml Sperm DNA damage
(=N*

* reported in other publications by the same group (Courbiere et al., 2013; Preaubert et al., 2015)

The only established application of nanoparticles for human sperm is magnetic-activated
cell sorting (MACS). This procedure involves the exposure of sperm samples to approximately
50nm superparamagnetic nanoparticles conjugated with annexin V, which bind the externalised
phosphatidylserine residues on the surface of sperm undergoing apoptosis, and allows the
subsequent removal of these sperm from the sample via binding to an affinity column in the
presence of a magnetic field. Although data regarding the efficacy of MACS remain contradictory,
and such techniques has not yet been introduced to routine practice in ART laboratories, this
approach has been deemed safe and is becoming increasingly accepted (Gil et al., 2013; Romany et

al., 2014; Bucar et al., 2015).
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The largely encouraging outcomes of the previous chapters of this thesis, and lack of data
regarding overall performance of nanomaterials in human gametes, prompted investigation into the
biocompatibility and potential uses of MSNPs in human sperm. This Chapter presents the outcomes
of a set of experiments which aimed to assess the biocompatibility of MSNPs with human sperm
and their ability to deliver payloads into these cells, using exogenous DNA as a prototype for
molecular cargo. These experiments confirmed previous observations in that the outcomes of
nanoparticle interaction with cells can vary considerably, depending on the cell type within the
organism, or within the same cell type from different biological species. MSNPs retained their
biocompatibility with human sperm, and did not exert negative effects upon sperm function.
However, the binding profiles between MSNPs and human sperm were different than those
described for boar sperm in the previous chapters of this thesis, and showed the positive association
with dose and time of exposure to MSNPs. Finally, MSNPs were capable of the intracellular
delivery of molecular cargo into human gametes and improved uptake of both free and adsorbed

cargo compared to free molecules applied to gametes in the absence of MSNPs.

6.2. SPECIFIC DETAILS OF EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

The general materials and methods used for the generation of results presented in this Chapter are
described in Chapter 2. Specific details of the experimental procedure highlighted in this
subsection relate to the exposure of MSNPs to human sperm.

In particular, for this set of experiments, a pooled and washed sperm sample, resuspended in
PureSperm Wash medium, was separated into 250ul aliquots, which were subject to treatment with
MSNPs or PBS (controls). Each experiment was repeated a minimum of three times. To evaluate
the potential nanotoxicity of MSNPs in human sperm and to determine optimal doses and
incubation times, washed sperm were exposed to z suspension of unmodified fluorescent MSNPs in
PBS in ratios of 5ug, 10pg, 15pg and 30pg of particles per 107 sperm. In the control group, washed
sperm were incubated with PureSperm Wash. Incubation was carried out for up to 4 hrs at 37°C

under a low-oxygen atmosphere. Sperm motility and viability were assessed after 2 and 4 hrs of
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incubation. Sperm DNA fragmentation was evaluated after 4 hrs of incubation. Binding rates
between sperm and unloaded MSNPs were determined after 1, 2, 3 and 4 hrs. Sperm motility,
viability and DNA fragmentation rates were expressed as a proportional change from controls
(in %).

After evaluating potential nanotoxicity and identifying the minimally effective particle/cell
ratios and incubation times, I then evaluated the ability of MSNPs to deliver molecular cargo into
human sperm. To achieve this, washed sperm were exposed to the following treatments: (1) PBS;
(2) free pDRIVE-HSP70-GFP; (3) PEI-coated MSNPs, loaded with pDRIVE-HSP70-GFP; (4)
unmodified MSNPs and pDRIVE-HSP70-GFP; (5) C105Y-functionalised MSNPs and pDRIVE-
HSP70-GFP. All particle modifications were added to sperm at a ratio of 30pg of particles per 10’
cells. Incubation was carried out for 3 hrs at 37°C under a low-oxygen atmosphere. All stock
suspensions of nanoparticles (concentration: 2mg/ml), in this case, were prepared with nuclease-
free water. After 3 hours, sperm motility and viability were evaluated to ensure safety of the

procedure, and cargo transfer into sperm was detected using the protocol described in Section 2.6.2.

6.3. RESULTS

6.3.1. NANOTOXICITY OF UNMODIFIED AND UNLOADED MSNPS IN HUMAN SPERM

6.3.1.1. Sperm motility and viability

Motility and viability were evaluated in sperm samples after 2 and 4 hours of incubation with
unmodified MSNPs at a ratio of 5, 10, 15 and 30pg of particles per 10’ sperm using CASA and dual
staining with SYBR green/propidium iodide. There was no significant effect of the dose of MSNPs
or the duration of incubation upon total and progressive sperm motility, but a significant effect of
dose (F1,30=3.076, p=0.040) and time of incubation (F43,=13.385, p=0.002) upon sperm viability. A
significant difference was observed between sperm viability in samples exposed to the highest dose
of MSNPs versus controls after 4 hours of incubation (p=0.043), favouring the experimental

samples (Figure 6-1).
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Figure 6-1 — Proportions of motile, progressively motile and viable human sperm after 2 and 4 hours
of exposure in vitro to unloaded unmodified MSNPs in four particle/cell ratios assessed by CASA and
dual staining with SYBR green/propidium iodide staining (mean+SEM from three repeats). Total and
progressive motility and viability values were plotted as % change from time-matched control aliquots
obtained from the same sperm sample as experimental aliquots. Symbol (*) denotes the subset of categories,
whose values are significantly different from time-matched controls at the 0.05 level. Dotted horizontal line
represents the relative level (100%) in time-matched controls, against which the % change was calculated.
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There was no significant effect of the dose of MSNPs, or duration of incubation, upon any
of the sperm kinematic parameters assessed by CASA. These parameters in MSNP-treated samples

remained similar to time-matched controls at both time points for all doses of nanoparticles

(Figure 6-2).
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Figure 6-2 — Kinematic parameters in human sperm after 2 and 4 hours of exposure in vitro to
unloaded unmodified MSNPs in four particle/cell ratios assessed by CASA (meantSEM from three
repeats). A) 2 hours; B) 4 hours. VAP: smoothed path velocity; VSL.: straight line velocity; VCL.: track
velocity; ALH: amplitude of lateral head displacement; BCF: beat cross frequency. VAP: smoothed path
velocity; VSL.: straight line velocity; VCL: track velocity; ALH: amplitude of lateral head displacement;
BCF: beat cross frequency. STR (ratio of VSL/VAP) = straightness, LIN (ratio of VSL/VCL) = linearity.
There was no significant effect of the dose of MSNPs, or duration of incubation, upon any of the sperm
kinematic parameters assessed by CASA.
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6.3.1.2. Sperm DNA fragmentation index

Sperm DNA fragmentation was assessed in human sperm samples after 4 hours of incubation with
unmodified MSNPs at a ratio of 5, 10, 15 and 30pg of particles per 10" sperm using the sperm
chromatin dispersion method. There was no significant effect of the dose of MSNPs upon the
proportion of sperm with fragmented DNA, which, after denaturation of sperm proteins and
membrane lysis during the sperm chromatin dispersion test, appeared as cells without a typical halo

of chromatin around the head (Figure 6-3).
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Figure 6-3 — DNA fragmentation index in human sperm after 4 hours of exposure in vitro to unloaded
unmodified MSNPs in four particle/cell ratios assessed using the sperm chromatin dispersion method
(mean+SEM from three replicates). There was no significant effect of the dose of MSNPs upon sperm DNA
fragmentation index assessed using the sperm chromatic dispersion technique.

6.3.2. BINDING OF UNMODIFIED AND UNLOADED MSNPS WITH HUMAN SPERM

Binding rates between human sperm and unmodified unloaded MSNPs were assessed after 1, 2, 3
and 4 hours of incubation in order to assess the effects of time and MSNP dose upon particle-sperm
interaction. Similarly to the previous chapters of this thesis, the term ‘binding” was introduced to
collectively describe the surface attachment and potential internalisation of MSNPs into sperm,
although, given the outcomes of previous experiments, the latter was considered to be an unlikely
phenomenon. MSNPs bound with human sperm in a similar fashion to boar sperm, and appeared as

focal fluorescent signals in the sperm head, mid-piece or tail region (Figure 6-4).
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Figure 6-4 — Binding of unloaded/unmodified MSNPs with human sperm after exposure in vitro. A)
Representative images of the binding of unloaded unmodified MSNPs with human sperm. MSNPs
(shown as green fluorescence) bound to the sperm head, mid-piece and tail. Scale bar = 5um. B) Binding
rates between human sperm and unloaded/unmodified MSNPs after 1, 2, 3 and 4 hours of exposure in
vitro in four particle/cell ratios (mean+SEM from three repeats). Each letter (a,b) denotes a subset of four
dose categories within the same experimental point (i.e. Sug vs 10pg per 10’sperm at 1 hour), whose values
did not differ significantly from each other at the 0.05 level. Symbol (#) denotes a subset of same dose
categories of MSNPs at different time points (i.e. Sug per 10’sperm at 1, 2, 3 and 4 hours), whose values did
not differ significantly from each other at the 0.05 level. Symbols (##) denote subsets whose values differed
significantly from each other at the 0.05 level.

There was a significant effect of MSNP dose (F33,=7.333, p<0.05), and time of incubation
(F332=17.665, p<0.05), upon the binding rate. At the earliest stages of incubation, the two lower
doses of MSNPs (5 and 10ug per 107 sperm) resulted in significantly lower binding rates, compared
to the two higher particle/sperm ratios (15 and 30 pg per 10’ sperm). Binding rates increased
throughout incubation, and a significant increase was observed for the two higher particle/sperm
ratios (15 and 30pg per 107 sperm). For the 15ug per 10’ sperm ratio, a gradual ‘accumulation’ of

the proportion of sperm bound with MSNPs took place. In this subset of samples, the differences in
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binding rates reached the level of significance at the 4-hour incubation time point versus 1 hour of
incubation. For the 30pg per 10 sperm ratio, a significant increase in the proportion of sperm
bound with MSNPs (over 40% of the total number of sperm) was seen after just 2 hours of
incubation, after which the binding rates stabilised. Although the trend towards a time-dependent
increase in binding rates was observed in samples exposed to the lower doses of particles (5 and
10pg per 10 sperm), substantial variations in the proportions of sperm bound with MSNPs under
these conditions accounted for the lack of significance of this trend.

Given the biocompatibility of MSNPs with human sperm in doses of up to 30ug particles
per 10" sperm after up to 4 hours of in vitro exposure, and the significant effect of MSNPs dose,
and time of incubation, upon binding rate with human sperm, the highest tolerable dose of 30ug per
10" sperm, and the duration of incubation of 3 hours, were chosen for subsequent experiments
evaluating the ability of MSNPs to transport molecular cargo into human sperm. The decision to
restrict incubation time to 3 hours and not continue in vitro exposure of sperm to MSNPs until the

4-hour time point was made to keep the cumulative duration of the protocol below 7 hours.

6.3.3. MSNP-MEDIATED TRANSFER OF DNA INTO HUMAN SPERM

Mesoporous silica nanoparticles, pre-coated with PEI and loaded with pDRIVE-HSP70-GFP, were
used to perform the MSNP-mediated transfer of exogenous DNA into human sperm. After loading,
10pg of PEI-coated MSNPs were estimated to carry approximately 0.48ug pDRIVE-HSP70-GFP.
Therefore, the quantity of plasmid presented to each 107 sperm was approximated to be 1.44pg.
Similarly to the previous set of experiments described in Section 5.3.3., this amount of DNA fell
within the range of doses previously described as sufficient for SMGT in animal models and
varying from 200ng to 10pg per 107 sperm (Oddi et al., 2012; Lavitrano et al., 2013).

In this set of experiments, the benefits of loading DNA onto MSNPs were, again, compared
with the simple co-incubation of sperm with exogenous DNA in vitro, and simultaneous sperm

exposure to free exogenous DNA and unmodified MSNPs or C105Y-functionalised MSNPs. For all
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treatments, each 10" sperm were exposed to 30ug MSNPs and 1.44pg pDRIVE-HSP70-GFP, either

in free or adsorbed form.

6.3.3.1. Quality control for DNA transfer/detection in human sperm

To ensure that the removal of non-internalised pDRIVE-HSP70-GFP from sperm samples using
DNase | was efficient, the efficacy of the enzyme to digest the free plasmid was assessed. Exposure
of free pDRIVE-HSP70-GFP to DNase I in a 1:4 (5 pg: 20 units) ratio for 30 minutes at 37°C
resulted in full digestion of plasmid DNA, as evident by the absence of the amplified target GFP
gene fragment (~188bp) on agarose gels after PCR (Figure 6-5A). Therefore, detection of
pDRIVE-HSP70-GFP in human sperm after exposure to free/adsorbed plasmid and various

modifications of MSNPs would be indicative only of the fraction of plasmid, transferred into sperm.
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Figure 6-5 — Quality control for the detection of DNA transfer into sperm. A) Amplification of target
GFP sequence (~188bp) from pDRIVE-HSP70-GFP before and after DNase | digestion. Lane 1 — after
treatment with DNase I in a 1:4 (5 pg: 20 units) ratio for 30min at 37°C. Lane 2 — before treatment with
DNase | (a ~1:10 dilution from the initial sample, subject to DNase | treatment). 1.3% TAE agarose gel,
molecular weight marker — GeneRuler 50bp DNA ladder (Life Technologies, UK). B) Pairwise alignment of
sequencing data from qPCR amplicons with source sequences of GFP and human GAPDH.
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To confirm the nature of gPCR amplicons, products were subject to Sanger sequencing.
Alignment of sequencing data from qPCR products with source sequences of GFP and human

GAPDH confirmed a > 95% match (Figure 6-5B).

6.3.3.2. Efficacy of MSNP-mediated DNA transfer into human sperm

Transfer of pDRIVE-HSP70-GFP into human sperm via exposure to free/adsorbed plasmid and
various modifications of MSNPs was performed in 2 samples obtained from a pool of 10 frozen-
thawed sperm aliquots from healthy donors. Transfer was considered successful in the case of
gPCR amplification of target GFP sequence in DNA samples extracted from human sperm. Human
GAPDH was used as an internal control for quantitative assessment of DNA transfer efficacy.

Positive evidence of pDRIVE-HSP70-GFP transfer into human sperm was obtained in both
samples. Specifically, evidence of plasmid DNA transfer into sperm was positive in both samples
exposed to pDRIVE-HSP70-GFP adsorbed on PEI-coated MSNPs and the combination of free
pDRIVE-HSP70-GFP and C105Y-functionalised MSNPs, and half of the samples exposed to the
combination of free pDRIVE-HSP70-GFP and unmodified MSNPs and free plasmid (1 out of 2
samples for each condition). Given the small number of analysed samples, statistical analysis of the
differences in frequencies of DNA transfer into sperm between various treatments was not
performed.

Quantitative assessment of the efficacy of MSNP-mediated DNA transfer into human sperm
was performed using the comparative cycle threshold (Ct) method using gPCR data from samples
where simultaneous amplification of target GFP sequence and internal GAPDH control was
observed. Overall, all treatments promoted the uptake of plasmid DNA into human sperm. The
relative amount of pDRIVE-HSP70-GFP transferred into human sperm in relation to the GAPDH
sequence was the highest after exposure to pDRIVE-HSP70-GFP adsorbed on the PEI-coated
MSNPs, followed by exposure to combinations of free pDRIVE-HSP70-GFP and unmodified

MSNPs, and free pDRIVE-HSP70-GFP and C105Y-functionalised MSNPs (Table 6-2). Due to
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small sample size and substantial variance in the relative amounts of pDRIVE-HSP70-GFP detected

after transfer, the differences between the groups did not reach the level of significance (p>0.05).

Table 6-2 — Relative amount of pDRIVE-HSP70-GFP transferred into human sperm after
exposure to free/absorbed plasmid and various modifications of MSNPs

Type of treatment Relative amount of pDRIVE-HSP70-GFP transferred into sperm
versus the amount transferred after exposure to free plasmid only
N  Mean SEM Median (25" %; 75" %)

PEI-coated MSNPs, loaded with 6  7.0x10° 3.6x10° 4.5x10° (5.4x10°; 1.3x10°

pDRIVE-HSP70-GFP

Unmodified MSNPs and 3 567.1 340.7 523.4(0.04; 1178)

pDRIVE-HSP70-GFP

C105Y-functionalised MSNPs and 4 22.24 21.84 0.6 (0.15; 87.77)

pDRIVE-HSP70-GFP

" Relative amounts of pDRIVE-HSP70-GFP transferred into human sperm were calculated in relation to the GAPDH
sequence using the comparative cycler threshold method (Ct) and the 22 equation. Exposure to free plasmid was
used as a control condition.

6.4. DISCUSSION
This Chapter, for the first time, evaluated nanotoxicity and cargo deliver efficacy of MSNPs in
human sperm and provided encouraging evidence that MSNPs retained both their biocompatibility
when applied to human gametes in vitro, and the ability to strongly bind with sperm without
compromising sperm function. Exposure of MSNPs to human sperm in vitro did not result in a
negative effect upon sperm motility, viability or DNA status, which favourably distinguished
MSNPs from other nanomaterials previously tested in human gametes, such as nanogold, zinc
oxide, titanium oxide, nanosilver and cerium dioxide. In contrast to MSNPs, these nanomaterials
produced strong negative effects upon sperm function, ranging from ‘silent’ sperm DNA damage
(Gopalan et al., 2009; Perrin et al., 2014) to reduction in sperm motility and viability (Wiwanitkit et
al., 2009; Moretti et al., 2012; Terzuoli et al., 2012) and, finally, sperm “fragmentation’(Wiwanitkit
et al., 2009). Therefore, the biocompatibility of MSNPs with human sperm represents a strong
benefit, and enables their use as potential delivery vectors in an investigative or, perhaps, clinical
setting.

MSNPs maintained their ability to bind strongly with human sperm during in vitro exposure,

and the features of binding appeared similar to those previously observed in boar sperm.
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Specifically, binding occurred in a ‘focal’ fashion, and MSNPs bound with sperm produced
localised fluorescent signals in the sperm head, midpiece or tail. However, in contrast to findings
obtained with boar sperm, the binding rates in human sperm showed a significant association with
the dose of particles and time of incubation, both of which promoted MSNP binding. In addition,
the size of the cohort of sperm binding with MSNPs was larger in human sperm than in boar sperm:
after 4 hours of incubation, the proportion of sperm bound with MSNPs, in most cases, reached or
exceeded an average value of 40%, as opposed to 20-30% in boar sperm. These results supported
previous observations that the interaction of nanomaterials with cells depends upon a variety of
factors, including physical and chemical properties of nanomaterials, but also cell type (Riehemann
et al., 2009; Kunzmann et al., 2011; Taylor et al., 2014c). The differences in MSNP binding rates in
boar and human sperm could be attributed to a range of factors, including differences in sperm size
and shape, membrane structure, and the fact that the human sperm used in this set of experiments
was previously cryopreserved, which could have altered the membrane function. In addition, the
human sperm used in this set of experiments demonstrated different parameters of sperm motion,
compared to boar sperm. Specifically, human sperm generally exhibited lower velocity (VAP, VSL,
VCL) and demonstrated less lateral head displacement (ALH), while swimming in a straighter
fashion (STR > 80% and LIN ~ 60% in human sperm versus STR ~60% ad LIN ~40% in boar
sperm). Collectively, these factors could have contributed to the differences in binding profiles of
the same type of MSNPs with sperm from different species.

The first stage of experiments performed in this Chapter sought to evaluate the nanotoxicity
of MSNPs in human sperm in order to determine the optimum safe and effective incubation
conditions for subsequent experiments involving cargo transfer. In this Chapter, nanotoxicity
profiles were evaluated for only one type of MSNPs, unmodified MSNPs, which served as
‘precursors’ for all other particle modifications. This decision was made given the previously
observed lack of association between surface modification of particles and their toxicity in sperm,

both for polymer (PEI) and aminosilane (APTES) modification, and active targeting with C105Y.
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Given the specific features of MSNP binding profiles with human sperm, particularly the positive
effect of extended incubation time, and higher doses of MSNPs upon binding rates, the protocol for
subsequent cargo transfer was adapted accordingly.

For cargo transfer experiments, human sperm were exposed to free plasmid DNA, plasmid
DNA adsorbed on PEI-coated MSNPs, and two combined treatments: unmodified MSNPs and free
DNA, or C105Y-functionalised MSNPs and free DNA. In these experiments, MSNPs demonstrated
the potential to promote the uptake of both free and absorbed cargo into human sperm during in
vitro exposure. It is of worth to note, however, that the outcomes of cargo transfer experiments
performed in this Chapter were interpreted with caution given the small number of sperm samples
tested and, in some cases, inefficient amplification of the internal control, which prevented
quantification of the relative amounts of plasmid transferred into sperm.

In contrast to boar sperm, in which exposure to plasmid DNA adsorbed on PEI-coated
particles, or the combination of unmodified MSNPs and free plasmid, inhibited cargo transfer
compared to free plasmid DNA, the opposite phenomenon was observed in human sperm. In these
cells, exposure to plasmid DNA adsorbed on PEI-coated particles, and a combination of unmodified
MSNPs and free plasmid, resulted in the transfer of substantially higher amounts of DNA compared
to plasmid-only treatment. Another interesting observation was that although exposure to the
combination of C105Y-functionalised MSNPs and free DNA resulted in the uptake of a larger
amount of cargo, this treatment appeared to be the least effective in human sperm, as opposed to
boar sperm. This phenomenon could be attributed to differences in the targeting potential of C105Y
in gametes from different species, which remain as yet uncharacterised. It appears that although the
targeting potential of C105Y for bovine and boar sperm is consistently strong (Jones et al., 2013),
its effects in human sperm are less pronounced, which forms an opportunity for separate
investigation.

It could be hypothesised, that the higher delivery efficacy of all modifications of MSNPs in

human sperm was caused by a lower intrinsic ability of human sperm to incorporate exogenous
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DNA without additional “assistance’. Although the potential of boar sperm to internalise exogenous
DNA has been consistently proven (Lavitrano et al., 2002; Lavitrano et al., 2013), such experiments
have not been carried out for human sperm, and the extent of their natural ability to internalise
transgenes remains unknown. For the cargo transfer experiments performed in this thesis, the
delivery efficacy of all modifications of MSNPs was compared to the efficacy of spontaneous
uptake of free cargo. Therefore, the higher efficacy of PEI-coated and unmodified MSNPs as
delivery vectors in human sperm could merely reflect that these particles were able to ‘assist” with
the uptake of plasmid DNA into sperm, which otherwise lacked the natural capacity for plasmid
internalisation. At the same time, given the proven ability of boar sperm to uptake transgenes, the
use of nanoparticles in this case failed to produce additional benefits, since MSNPs were shown to
be non-superior to innate uptake mechanisms in boar sperm. Although the only modification of
MSNPs which was capable of improving the outcomes of DNA transfer in boar sperm were
C105Y-functionalised MSNPs, their targeting potential appeared to be restricted to boar sperm
only.

Collectively, the findings obtained in this Chapter demonstrated that the biocompatibility of
MSNPs, and their binding potential, was not restricted exclusively to boar sperm, but was also
observed in human male gametes. At the same time, binding rates between MSNPs and sperm
seemed to exhibit an element of inter-species variability, which could be attributed to species-
specific sperm shape, membrane structure, kinematic parameters and, in the case of human sperm,
previous exposure to low temperatures and cryoprotectants. Finally, the delivery potential of
MSNPs also showed a species-specific profile, with all of the MSNP treatments tested herein
showing a positive effect upon cargo internalisation. However, C105Y-mediated active targeting,
which appeared consistently beneficial in boar sperm, failed to produce a similar effect in human
gametes.

Interpretation of the results of this Chapter in the context of available evidence represents a

challenge, since the number of peer-reviewed publications describing the use of nanomaterials in
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human sperm remains scarce (Table 6-1). All of these earlier publications exclusively evaluated
the toxicity of nanomaterials in human sperm, and did not characterise or quantify the binding of
nanoparticles with gametes. Moreover, none of these publications assessed the performance of
mesoporous silica, or described the intentional use of nanomaterials as delivery vectors, given the
highly unfavourable nanotoxicity profiles of tested nanomaterials in human sperm. Furthermore,
active targeting with cell-penetrating peptides has never been attempted in human sperm, and
interpretation of lower targeting efficacy of C105Y in this population of gametes is difficult.
Further studies are warranted to assess the potential of nanomaterials as cargo delivery vehicles into
human gametes, and the species-specific profiles of nanomaterial safety and efficacy. In addition,
even though MSNPs demonstrated safety and efficacy in the set of experiments performed in this
Chapter, further extensive studies in a larger set of samples, including fresh sperm and sperm with
compromised function, are warranted prior to considering this technology for experimental clinical

use.
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CHAPTER 7

SUMMARY AND CLOSING REMARKS
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7.1. SUMMARY

This thesis investigated the use of MSNPs as a potential delivery vector for mammalian gametes in
the ART context. The main motivation behind this project was to translate the technique of
nanomaterial-mediated delivery into a cutting-edge addition to current assisted reproduction. This
new technology could have numerous potential applications, spanning across the fields of
fundamental reproductive biology, practical ART in veterinary science, and, perhaps, even IVF in
humans. From its earliest stages, this project approached nanoparticle-mediated delivery as a multi-
functional tool for reproductive biology and medicine, which could be used in a variety of
scenarios. These scenarios include SMGT, the supplementation of molecular deficiencies in sperm,
sperm sorting, the delivery of ‘nourishing’ compounds into existing in vitro culture systems for
oocytes and embryos, and tracking the fate of specific embryonic cell populations. Therefore,
experiments described throughout this thesis essentially aimed to design a simple-to-use versatile
chemical reagent, which could be added to gametes and embryos in the IVF setting to exert
desirable effects.

The specific choice of MSNPs as a potential delivery tool into gametes was driven by the
novelty of this nanomaterial and its inherent features, which made it at a promising candidate for
reproductive applications. MSNPs were characterised as structurally robust, relatively inert
chemically, easy to produce and capable of carrying carry large amounts of payloads because of
their porous architecture. MSNPs were also proven to display low cytotoxicity, and, at the time
when this thesis was being planned, a large body of evidence already supported their safety and
biocompatibility in different cell types. MSNPs were consistently shown to exhibit strong delivery
capacity, including the possibility to internalise nucleic acids into cells, thereby acting as non-viral
gene delivery vectors. Moreover, while representing an efficient delivery vehicle for various types
of cargo, MSNPs could also be used as a stable cell tag because of their non-biodegradable nature.

However, limited data existed regarding the use of MSNPs in gametes in the ART environment,
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which made this research particularly exciting. Collectively, all of these features contributed to the

choice of MSNPs as a candidate nanovector for this thesis.

7.1.1. BIOCOMPATIBILITY OF MSNPS WITH BOAR SPERM AND MOUSE OOCYTES

The first set of experiments performed for this thesis sought to evaluate the biocompatibility of in-
house synthesised MSNPs with gametes, and provide the first insight into the possibility of
applying this platform to these highly specialised cells. MSNPs were synthesised using a
conventional surfactant-templated base-catalysed sol-gel reaction, optionally coated with PEI or
APTES to permit loading with nucleic acids or proteins, and applied to boar sperm and mouse
oocytes.

The specific choice of these two animal models for biocompatibility assays was driven by
two factors. Firstly, these species are traditionally considered to be good models for human gametes
during pre-clinical trials because of morphological and functional similarities. Secondly, mice and
farm animals represent important subjects of reproductive biology research themselves. In these
species, the investigated technique could be used independently to improve the success rates of
existing research methodologies, which positively contributed to the potential ethical benefit of this
research.

It is of a worth emphasising again that from the earliest stages, my research tried to gear the
technique of MSNP-mediated delivery towards practical ART and view MSNPs as a customisable
chemical reagent, which could be added to gametes under in vitro conditions in order to improve or
modify their function. Therefore, general research methodology, and experimental conditions, were
maintained as similar as possible to those used in a practical ART setting, particularly in terms of
gamete handling procedures and exposure times.

The first set of experiments demonstrated that the simple in vitro exposure of boar sperm to
in-house synthesised MSNPs with various surface chemistry (unmodified, PEI-coated and APTES-
coated) in a 10-30pg per 10" sperm ratio did not produce a negative effect upon total and

progressive sperm motility, motion parameters, viability, acrosome morphology or DNA
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fragmentation index. During co-incubation, MSNPs could bind with various morphological regions
of approximately one in five boar sperm. Stable binding rates were observed after just 2 hours of
exposure, and were not affected by an increase in dose or incubation time. MSNPs loaded with
nucleic acid or protein as prototypes for molecular cargo still bound to sperm, highlighting the
possibility of simultaneous intracellular delivery.

MSNPs could also bind with the zona pellucida in mouse oocytes during in vitro exposure,
although the spontaneous penetration of particles into oocytes was not evident. The persistence of
MSNPs in mouse oocytes for up to 24 hours after microinjection did not promote oocyte
degradation, which represented an encouraging finding. However, given the absence of spontaneous
penetration of MSNPs into the oocytes and technical difficulties associated with intracytoplasmic
microinjections of MSNPs, the hypothesis that MSNPs could serve as an easy-to-use and efficient
intracellular delivery vector for mammalian oocytes with an intact zona pellucida was not pursued
further. Therefore, subsequent experiments presented in this thesis focused upon the
biocompatibility and delivery potential of MSNPs in sperm.

7.1.2. STRATEGIES TO IMPROVE BINDING BETWEEN MESOPOROUS SILICA NANOPARTICLES
AND SPERM

As mentioned previously, in the first set of experiments MSNPs, bound to approximately 20% of
sperm in a given sample. Interpretation of this finding in the context of existing literature was
challenging, since the proportion of sperm associated with various nanoparticles following in vitro
exposure had not been quantified before. However, it was hypothesised that for an application such
as SMGT, the size of the sperm population associated with MSNPs, and therefore carrying cargo,
would be proportionate to the likelihood of cargo transfer into the oocyte. To achieve higher
binding rates between MSNPs and sperm, three independent strategies were tested. These included
‘enrichment’ of a given sperm sample with MSNP-associated sperm, modification of the physical
properties of MSNPs and the active targeting of MSNPs towards sperm with a cell-penetrating

peptide.



Chapter 7. Summary and closing remarks. 188

In order to ‘enrich’ a given sperm sample with MSNP-associated sperm, a straightforward
conventional discontinuous DGW technique was used. This technique is routinely used in
embryology laboratories to separate sperm into “better’ and ‘worse’ quality sub-populations. In this
thesis, DGW was applied to assess how different sperm functionality in these two sub-populations
might relate to their binding capacity to MSNPs. As mentioned previously, the choice of DGW as a
sperm selection method over other more sophisticated techniques, such as FACS, was driven
primarily by our intention to maintain the practicality of MSNP-mediated technology for
subsequent translation into a conventional ART setting.

After subjecting MSNP-treated sperm to DGW, no significant differences between binding
rates in the ‘better’ or ‘worse’ quality sperm sub-populations were observed. This led to the
hypothesis that MSNP binding with sperm occurs independently of the first-line parameters of
sperm function, such as motility, assessed by CASA, and viability, assessed via the use of
membrane-permeating dyes, and could be related to the specific molecular structure or electrostatic
charge of plasma membranes in certain sperm. Furthermore, these experiments led to the conclusion
that DGW, in its standard way, cannot be used to ‘enrich’ the sample with MSNP-bound sperm.
Therefore, alternative strategies are required for the selection and enrichment of sperm populations
with MSNP-bound cells for subsequent downstream applications.

Another strategy tested to improve MSNP-sperm binding rates involved the use of MSNPs
with a smaller physical diameter (<50nm). It was anticipated that the use of these MSNPs might
promote easier binding and internalisation of particles into sperm because of better size
compatibility. This approach, however, was also deemed unsuccessful due to the high propensity of
synthesised MSNPs to agglomerate and thereby interact with sperm as large clusters rather than
individual particles. Although the potential to optimise the synthesis protocol and reduce particle
agglomeration existed, this strategy was not pursued further in view of emerging evidence

regarding low nanoparticle internalisation capacity into sperm, even for small nanomaterials.
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The final strategy to improve MSNP-sperm binding rates involved the use of a universally
deployed technique of actively targeting nanoparticle targeting towards a specific cell population. In
this thesis, a cell-penetrating peptide (C105Y) was chosen as an active targeting moiety. C105Y
was characterised for its affinity towards mammalian sperm and represents a promising targeting
tool with receptor- and energy-independent internalisation into target cells. These unique
mechanisms of internalisation are highly advantageous for sperm, since they do not require
interaction with surface membrane receptors, many of which play key roles in gamete fusion and
fertilisation. Inadvertent blockage of these receptors, could, therefore, have a negative effect upon
fertilisation and thus restrict the potential application of nanoplatforms for reproductive biology.

Active targeting of MSNPs towards boar sperm with C105Y resulted in the most
encouraging outcomes. This strategy allowed a significantly faster ‘saturation’ of binding rates —
after just 1 hour of incubation, approximately 20% to 30% of sperm showed signs of binding with
MSNPs. However, maximal binding rates did not change substantially, showing only a marginal
increase to approximately 30% to 35%, which strengthened the assumption that MSNPs
preferentially bind to a specific sub-population of sperm. Targeting with C105Y, perhaps, promoted
an initial anchoring stage with these cells, rather than facilitated binding to a larger cohort of sperm.
Similarly to previous findings, this binding did not affect motility, kinematics and acrosome
morphology in boar sperm samples. In addition, the levels of intracellular fluorescence in sperm
exposed to MSNPs functionalised with a fluorescent C105Y peptide were higher than those
exposed to a free fluorescent C105Y peptide, which could suggest changes in sperm membrane

permeability in the presence of MSNPs.

7.1.3. MESOPOROUS SILICA NANOPARTICLES AS A DELIVERY TOOL INTO SPERM

The positive outcomes of studies into biocompatility and binding of MSNPs with sperm formed a
rationale for the subsequent testing of these nanoparticles as delivery vectors for exogenous DNA
and protein transfer under optimised incubation conditions. It was anticipated that MSNP-mediated

delivery would facilitate the ‘loading’ of sperm with these compounds for SMGT or protein
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transfer, respectively. In these experiments, the delivery efficacy of cargo-loaded MSNPs was
compared to that of free cargo and two combined treatments: the combination of unmodified
MSNPs and free cargo and the combination of C105Y-functionalised MSNPs and free cargo. This
experimental design allowed me to evaluate the effect of cargo adsorption on MSNPs upon its
availability to sperm, but also how exposure to free cargo in the presence of targeted and non-
targeted MSNPs affected its uptake.

Interestingly, these experiments demonstrated that the adsorption of cargo on MSNPs, or co-
treatment with unmodified MSNPs and free cargo, had limited benefits for intracellular uptake into
boar sperm. The only modification of MSNPs which showed the potential to improve cargo
delivery into sperm were C105Y-functionalised MSNPs. Exposure of boar sperm to a combination
of C105Y-functionalised MSNPs resulted in the delivery of exogenous DNA into a larger subset of
sperm samples, and the transfer of larger quantities of DNA and protein, compared to treatment
with free cargo only. Therefore, it appeared that for efficient delivery of cargo into boar sperm the
vector itself should undergo internalisation, which was not consistently proven for the MSNPs used
throughout this thesis. Since internalisation did not seem to occur, the observed efficacy of MSNP-
mediated delivery did not exceed the efficacy of spontaneous cargo uptake into sperm. At the same
time, the active targeting of MSNPs towards sperm appeared to promote the delivery of cargo,
particularly DNA, into sperm with low intrinsic uptake activity, thereby increasing the number of
samples in which positive evidence of DNA transfer was obtained. In addition, MSNPs targeted
towards boar sperm with C105Y also showed a trend towards the delivery of larger doses of cargo.

Collectively, these results showed that boar sperm appeared to have a sufficient intrinsic
capacity for cargo uptake, and the use of MSNPs as delivery vectors did not substantially facilitate
this uptake. Perhaps the limited benefits of MSNPs in this case were associated with the lack of
their internalisation. The inability of MSNPs to move freely across the sperm plasma membrane
probably narrowed their potential mechanisms of action down to alteration in sperm membrane

permeability, which was most commonly seen in the case of C105Y-functionalised MSNPs.
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7.1.4. MESOPOROUS SILICA NANOPARTICLES IN HUMAN SPERM: SAFETY AND EFFICACY

Collectively, the favourable biocompatibility of MSNPs with boar sperm, and the benefits of MSNP
functionalisation with targeting moieties, formed the basis for the final set of experiments addressed
in this thesis. These experiments evaluated the biocompatibility and potential of MSNPs to
transport molecular cargo into human sperm.

The experiments were carried out in two stages. Firstly, the biocompatibility and binding
rates between MSNPs and human sperm were studied in order to optimise incubation conditions.
Secondly, optimised incubation conditions were applied for the MSNP-mediated delivery of
exogenous DNA into sperm. Specifically, sperm were exposed to plasmid DNA absorbed on PEI-
coated MSNPs or the combinations of unmodified MSNPs and free cargo, or C105Y -functionalised
MSNPs and free cargo. Delivery efficacy was confirmed to the outcome of free plasmid-only
treatment.

Throughout these tests, MSNPs maintained their biocompatibility and did not produce
negative effects upon human sperm motility, viability or DNA status. Furthermore, they maintained
their ability to bind with sperm, although inter-species variations in the binding rates were observed
in this case. Unlike boar sperm, the time of exposure and dose of MSNPs had a significant effect
upon the proportion of human sperm binding with the particle. This observation was taken into
consideration during cargo transfer experiments.

In contrast to boar gametes, exposure to MSNPs promoted cargo uptake into human sperm
compared to free plasmid-only treatment. Furthermore, the effect of active targeting with C105Y
appeared limited, as C105Y-functionalised MSNPs did not facilitate the uptake of larger cargo
quantities into human sperm. Such differences in the outcomes of similar experiments in different
species were attributed to discrepancies in the innate sperm’s innate potential for cargo uptake. In
the case of boar sperm with proven ability to undergo SMGT, exposure to MSNPs did not provide
additional noticeable benefits. At the same time, the use of MSNPs in human sperm, with perhaps

less active innate uptake mechanisms, led to more pronounced effects. The inter-species differences
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in sperm structure and function were also highlighted by the lower targeting efficacy of C105Y in
human sperm compared to boar sperm, justifying the need to tailor active targeting moieties on a

species-by-species basis.

7.2. CONCLUDING REMARKS

Collectively, experiments presented in this thesis demonstrated, for the first time, the potential of
MSNPs for reproductive science. MSNPs consistently demonstrated biocompatibility with gametes
from different biological species, including boars, mice and humans. They were capable of binding
with sperm and oocytes during simple in vitro incubation and, crucially, did not exert acute toxicity
upon gamete function. MSNPs could be targeted towards sperm or microinjected into oocytes, and
both these techniques, aiming to facilitate interaction between MSNPs and gametes, were well-
tolerated by cells. MSNPs could also be loaded with molecular cargo, and this action did not
prevent particles from binding with gametes, in particular sperm. Finally, MSNPs could deliver
cargo into both boar and human sperm, thereby representing a candidate delivery vector for
reproductive biology.

Although the experiments presented in this thesis produced encouraging outcomes, they also
highlighted many important questions associated with the use of MSNPs for reproductive science.
Firstly, can MSNPs truly internalise into gametes and what are the optimal conditions for this
outcome? In this thesis, the term ‘binding’ was used to collectively describe the surface attachment
of MSNPs to sperm and indicate potential intracellular uptake. It is worth mentioning that the data
obtained during TEM of sperm exposed to MSNPs did not provide a conclusive answer to the
question of whether the internalisation of MSNPs into sperm truly occurred. This seemed to be even
less possible for oocytes, as most MSNPs appeared to be retained by the robust mechanical barrier
of the zona pellucida. There is a growing body of evidence that nanomaterials, in fact, do not
undergo intracellular uptake into gametes easily: for example, the proportion of nanoparticles
reaching the intracellular compartment in sperm after in vitro exposure is remarkably small. In fact,

sperm that internalise nanomaterials appear to exhibit altered integrity of the surface membrane,
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such as those associated with having undergone the acrosome reaction. Future experiments could
address this topic in more detail by applying high-resolution imaging techniques to sperm exposed
to MSNPs.

Secondly, is ‘true’ internalisation of nanomaterials into gametes essential for successful
delivery of cargo? At the moment, there seems to be a consensus of opinion that the internalisation
of nanocarriers into sperm does not represent a crucial factor for efficient cargo delivery, since the
performance of nanoparticle-assisted SMGT is not compromised even when the majority of
nanoparticles remain attached to the surface membrane. This point of view, however, did not
coincide with the findings of this thesis, at least for the boar model. As such, the intrinsic capacity
of boar sperm to take up cargo on most occasions exceeded the potential of what seemed to be
mostly non-internalised MSNPs to deliver it. In future, detailed TEM experiments in conjunction
with cargo delivery tests using sperm from different animal models could help elucidate whether
the efficacy of cargo delivery represents a function of “true’ particle internalisation.

Thirdly, which properties of sperm predispose these cells to binding with MSNPs and what
could be done to increase the binding rates above those that are currently observed? Throughout
this thesis, MSNPs bound preferentially to a specific population of sperm, which did not exceed
40% of the total population for boar sperm, and 60% of the total population for human sperm. In the
case of boar sperm, this level of binding seemed to occur independently of the first-line parameters
of sperm function such as motility and viability, and active targeting with C105Y allowed this
binding to occur faster, but not in the larger subset of sperm. For human sperm, this association was
studied to a lesser extent, but an increase in MSNP doses and incubation times also resulted in the
‘saturation’ of binding rate at a specific maximum level. It could be anticipated, that a detailed
analysis of physical and biological properties of individual sperm, which show binding with
MSNPs, could help unravel the fine mechanisms underlying this phenomenon.

Finally, can sperm that have been modified with MSNPs deliver cargo into the oocyte at the

time of fertilization and what is the fate and effects of exogenous MSNPs in mammalian embryos?
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This is a critical consideration with many potential answers: exclusion, sequestration within a
random cell population, or preferential localisation to the embryonic or trophoblastic cells. Given
such possibilities, it is vital to investigate how such processes might affect subsequent embryo
development. Future studies should aim to address these important questions in order to advance

the understanding of how nanomaterials may benefit reproductive biology in the future.

7.3. GENERAL LIMITATIONS

This thesis evaluated the acute toxicity and delivery potential of a specific type of MSNPs
(>100nm) during in vitro exposure to gametes from selected mammalian species under ART
conditions. Therefore, extrapolation of the results obtained in this thesis to MSNPs with other
physicochemical features, different incubation parameters or other animal models should be carried
out with caution. This thesis did not aim to evaluate the long-term effects of MSNPs upon gamete
function of mammalian embryo development, as well as investigate the fate of MSNPs in
mammalian embryonic cells. These outcomes should, therefore, form the foundation for separate
investigations. The specific limitations associated with each set of experiments are discussed in

detail in the relevant chapters.
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