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V Abstract

Infertility affects millions of couples worldwide, with male-related factors playing a
significant role. While basic semen analysis is a standard method for evaluating male
infertility, advanced sperm testing can enhance its accuracy. To gain insights into
urologists' perspectives on advanced semen analysis tests, a survey was conducted
among urologists from different geographical regions. The survey revealed a consensus
on clinically relevant parameters in basic semen analysis. Among the various advanced
sperm tests offered by urologists, sperm DNA damage testing was the most common.
Challenges such as lack of familiarity, test availability, and cost were cited as reasons for
not offering advanced testing. Analyzing the underlying causes of increased sperm DNA
damage is crucial for guiding patient treatment. Oxidative stress is recognized as a
significant contributor to sperm DNA damage, and assessing oxidative stress levels
provides valuable information. Seminal oxidative stress can be assessed by determining
oxidation-reduction potential (ORP) or reactive oxygen species (ROS) levels. High ORP
and/or ROS levels were associated with poorer sperm parameters, and higher levels of
sperm DNA damage. To address the need for cost-effective and readily available tests,
an in-house flow cytometric sperm DNA damage testing service was validated. Data
obtained from the validation of the acridine orange-based flow cytometric test (AOFT)
demonstrated its reliability and consistency. Lifestyle modifications and innovative
sperm preparation techniques, such as microfluidic-based sperm preparation, can help
mitigate sperm DNA damage. Microfluidic devices enable the natural selection of sperm
based on various parameters, and an investigative study has shown the microfluidic
sperm separation device to produce comparable results to the gold standard method,

density gradient centrifugation.
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1. Chapter 1: Introduction

1.1. Male Factor infertility

Infertility refers to the inability to achieve pregnancy after having regular unprotected
sexual intercourse for 12 months (Zegers-Hochschild et al., 2017). It can be caused by
male factors, female factors, or a combination of both. Therefore, a thorough
investigation and management of both partners is crucial. Worldwide, at least 48 million
couples are affected by infertility (Health, 2022), with male-related factors accounting
for up to 50% of these cases (Kumar & Singh, 2015). Common causes of male infertility
include endocrine imbalance, genetic abnormalities, urogenital tract infection,
varicocele (an enlargement of the veins within the scrotum), and immunological
conditions (Punab et al., 2017). To diagnose male fertility status, a semen analysis along

with a physical examination is typically performed.

A semen analysis allows for the sperm quality to be assessed and involves the
investigation of the following basic semen parameters: total semen volume, pH, total
sperm number, sperm morphology, vitality, progressive motility, total motility, sperm
agglutination and viscosity (World Health Organization, 2021). The classification of
semen parameters, in a semen analysis report, as fertile or infertile is based on the lower
5t centile as reference ranges (Table 1). 3589 fertile men, whose partners achieved a
time to pregnancy of < 12 months, were used by the 6™ Edition WHO laboratory manual
for the examination and processing of human semen, for generating the lower reference
ranges. However, the 6™ Edition makes it explicit, that, relying on the 5™ centile values
to assess the results of a semen analysis is insufficient for diagnosing male infertility
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(Boitrelle et al., 2021; World Health Organization, 2021). Therefore, additional tests

including sperm DNA damage and seminal oxidative stress testing, referred to as

advanced sperm testing, could help improve the accuracy of assessing the male fertility

potential (Wang & Swerdloff, 2014). Advanced sperm testing can be offered in

conjunction to conventional semen analysis to help guide patient management.

However, to understand the clinical benefits of advanced sperm testing, it is beneficial

to understand the fundamentals of spermatogenesis, as discussed below.

Table 1. Lower reference values of the fertile man (Campbell et al., 2021). The table

shows the distribution of semen parameters from men in couples having a time to

pregnancy of < 12 months. The 5™ centile provides the lower reference value for

classification of semen parameters as fertile or infertile.

N
Semen volume (ml) 3586

Sperm concentration (10% per ml) 3587

Total sperm number (10° per 3584
ejaculate)

Total motility (PR + NP, %) 3488
Progressive motility (PR, %) 3389

Non-progressive motility (NP, %) 3387

Immotile spermatozoa (IM, %) 2800
Vitality (%) 1337
Normal forms (%) 3335

Centiles

2.5t 5th (95% Cl)
1.0 1.4 (1.3-1.5)
11 16 (15-18)
29 39 (35-40)
35 42 (40-43)
24 30 (29-31)
1 1 (1-1)

15 20 (19-20)
45 54 (50-56)
3 4 (3.9-4.0)

PR — progressive motility; NP — non progressive motility; IM —immotile.
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1.2. Spermatogenesis

Spermatogenesis is the complete process by which spermatozoa are produced from
primordial germ cells (Figure 1). Spermatogenesis involves 3 subdivisions: (1)
proliferation and differentiation of spermatogonia, (2) meiosis and (3) spermiogenesis

(the cytodifferentiation of spermatids).
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Figure 1. Schematic representation of the spermatogenesis cycle. Spermatogenesis is

a complex process, in the seminiferous tubules of the testis, that involves the
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transformation of diploid spermatogonial stem cells into haploid spermatozoa. Sertoli
cells attach to the basement membrane, where spermatogonia also adhere to. The
spermatogonia (type A) undergo division and develop into spermatogonia type B, which
then differentiate into primary spermatocytes. In meiosis |, these primary
spermatocytes separate homologous pairs of chromosomes to form haploid secondary
spermatocytes. The secondary spermatocytes undergo meiosis Il, to produce four
spermatids. The spermatids then migrate towards the lumen and at the end of

spermiogenesis, spermatozoa are released into the lumen.

1.2.1. Proliferation and Differentiation of Spermatogonia

The first phase of spermatogenesis involves cellular division of spermatogonial stem
cells (SSCs). SSCs reside in the basal compartment of the seminiferous tubules in the
testes, and they undergo an exponential increase in numbers prior to meiosis stage. This
stage is crucial since it determines the number of spermatozoa that are produced at the

end of a spermatogenic cycle (Griswold, 2016).

A-single (As) spermatogonia upon mitosis can differentiate into either A-paired
spermatogonia (Apr), which are early spermatozoa progenitors, or produce A-single
spermatogonia (As) to maintain a continuous store of As spermatogonia (Figure 2) (Abid
et al., 2014; Rooij, 2001). A, spermatogonia undergo incomplete spermatogonial
cytokinesis such that the daughter cells remain interconnected by cytoplasmic bridges.
This allows for the connected spermatogonia to mature at same rate and through
synchronous divisions, chains consisting of four A-aligned (Aa) spermatogonia are

formed.

Al spermatogonia can further divide into chains of 8, 16 and 32 cells (although only

rarely reaching the 32 cell stage) resulting in a syncytium of cells, a distinguishing trait
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of the early spermatozoa progenitors (Haglund et al., 2011). The cells can then undergo
active proliferation and differentiate into type A; spermatogonia (Rooij, 2001). The type
A1 cells give rise to a series of differential spermatogonial types: A1 divides to form an A;
spermatogonium, A; spermatogonia divide to produce Az spermatogonia which then
undergo another division to produce As. An As spermatogonium can divide to produce
either another As spermatogonium or commit and differentiate into an intermediate
spermatogonium. Intermediate spermatogonia then further divide to produce type B
spermatogonia. The differentiation from type A spermatogonia into type B
spermatogonia requires the action of gonadotropins including follicle-stimulating
hormone (FSH) and luteinising hormone (LH) (Khanehzad et al., 2021). These are
secreted by the anterior pituitary gland under the control of the central hypothalamic

signal gonadotropin-releasing hormone (GnRH).

The type B spermatogonia are committed progenitor cells, that will eventually
differentiate into primary spermatocytes, in the next stage of spermatogenesis. The
ratio of self-renewal and differentiation has to remain constant at around 1:1 to prevent
germ cell tumours or depletion of spermatogonial stem cells (Meng et al., 2000; Zhou &

Griswold, 2008).

During mitosis, the chromosomes are particularly susceptible to damage and DNA repair
processes are ceased to prevent the fusion of telomeres (Orthwein et al., 2014). Due to
the sequential differentiation and meiotic processes that begin with the initial division
of a stem cell, a total of 4096 spermatozoa (2'?) can theoretically be produced from a

single stem cell (Russell et al.,, 1993). However, it is estimated that around 75% of
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potential number of mature sperm cells undergo apoptosis and degeneration (Dunkel

et al., 1997).
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Figure 2. Schematic representation of the first stage of spermatogenesis. Following
mitosis, A-single (As) spermatogonia can differentiate into A-paired spermatogonia (Ayr),
which are early progenitors of spermatozoa, or produce more A-single spermatogonia
(As) to maintain a continuous supply of them. A, spermatogonia are connected by
cytoplasmic bridges and divide synchronously to form chains of four A-aligned (Aal)

spermatogonia. During spermatogonial cytokinesis, the daughter cells remain
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interconnected by cytoplasmic bridges, resulting in a syncytium of cells that matures

synchronously, a unique characteristic of early spermatozoa progenitors.

1.2.2. Meiosis

Meiotic entry is triggered by retinoic acid (RA) signaling. Unlike female germ cells (which
receive RA signals during fetal life and enter meiosis during early development), male
germ cells are insulated from RA signaling prior to puberty. Thus, meiosis in males
initiates at the onset of puberty in response to RA produced by the Sertoli cells. This in
turn regulates the synthesis of growth factors, particularly Bone Morphogenetic
Proteins (BMPs) 4 and 8 (Wu et al., 2017), enabling meiotic entry of the spermatogonia

(Kostereva & Hofmann, 2008).

The process of meiosis involves two divisions: meiosis | and meiosis Il. Meiosis | initiates
when the primary spermatocytes, located in the basal compartment of the germinal
epithelium, enter the leptotene stage of prophase (De Kretser, 1989). This is followed
by migration of the spermatocytes, through the blood-testis barrier as formed by Sertoli
cells (Figure 3). Upon the spermatocytes reaching the adluminal compartment, the
further stages of prophase can proceed. In prophase |, homologous chromosomes pair
up and during synapsis, crossing over of genetic material can occur. This establishes new
genetic combinations on each chromosome (Gerton & Hawley, 2005). Double-strand
breaks (DSBs) made by the topoisomerase type lI-like protein, Spol1, allows for the
accurate homologue pairing to occur for crossover recombination (Bergerat et al., 1997;

Keeney et al., 1997).
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The blood-testis barrier establishes an immune-privileged site for the secondary
spermatocytes produced at the end of Meiosis | to undergo a second meiotic division.
The barrier is formed by the co-existence of tight junctions and adhesion protein
complexes including desmosomes and gap junctions (Cheng et al., 2011). The gap
junctions permit the diffusion of cell signaling molecules to create the highly specialized
immune-privileged microenvironment necessary for meiosis to proceed. The two
meiotic divisions of each individual spermatocyte results in a total of four haploid
spermatids that are located at the border of the lumen (Holstein et al., 2003). Defects
occurring during meiosis can often result in aneuploidy, which can then contribute to
embryonic death or developmental abnormalities, if the aneuploid cells are not

eliminated by apoptosis, during post-meiotic development (Handel & Schimenti, 2010).
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Figure 3. Schematic representation of spermatogenesis including the presence of the
blood-testis barrier (Hofmann & McBeath, 2022). The blood-testis barrier provides an
immuno-privileged microenvironment for the completion of meiosis, separating diploid
germ cells from more mature cells. Like Sertoli cells, spermatogonial stem cells (SSCs)
are attached to the basement membrane and depend on specific growth factors for self-
renewal and pool maintenance. These growth factors are produced by various cells,
including Sertoli cells, peritubular myoid cells, Leydig cells, macrophages, and the

vasculature. The components of the SSC niche are indicated in the grey area.

1.2.3. Spermiogenesis

Spermiogenesis is the process during which haploid spermatids cytodifferentiate into
streamlined spermatozoa. The initial stages of spermiogenesis involves the round
spermatids assembling the acrosome and axoneme (Figure 4) (O’Donnell, 2015). This is

followed by polarization of the nucleus and the acrosome to one side of the cell,
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indicating the start of the elongation phase. As the spermatids elongate, the transient
microtubular platform delivers proteins to the developing tail. The sperm tail accessory
structures, necessary for flagella function, surround the axoneme in the principal and
mid piece of the sperm tail (Lehti & Sironen, 2017). The mitochondria then assemble in

a helical manner around the outer dense fibers of the sperm tail.

Mitochondria Acrosome

Head

Mid plece

Microtubules

Tall

Golgi apparatus
Acrosomal

Figure 4. Schematic representation of spermiogenesis (Oehninger & Kruger, 2021).
During spermiogenesis, the Sertoli and germ cell cytoskeletal network play a critical role
in the morphologic changes. (1) Acrosome biogenesis begins with proacrosomal vesicles
trafficking to the nucleus, (2) followed by Golgi clustering and nucleus condensation. (3,
4) Spermatid elongation follows, which involves the head-to-tail coupling apparatus and
nuclear shaping. Mitochondria are organized in preparation for loading onto the outer
dense fibers. (5, 6) The elongated spermatids show a well-defined acrosome, condensed
nucleus, and cytoplasmic droplet. (7) Residual cytoplasm is phagocytosed by the Sertoli

cell and mature spermatozoa are released into the lumen.
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The final stage of spermiogenesis is spermiation and is the process by which spermatids
undergo their final remodeling and are released from the Sertoli cells into the
seminiferous epithelium (O’Donnell et al., 2011). To achieve the streamlined shape of a
spermatozoon most of the cytoplasmic components are gathered into a “waste bag”,

known as a residual body, which is then phagocytosed by Sertoli cells.

1.3. Sperm genome organization

During spermatogenesis, the sperm genome undergoes extensive remodeling to obtain
a final DNA state of an almost crystalline state arranged within a hexagonal lattice
(Moritz & Hammoud, 2022). Such tight compaction protects the DNA during the transit
occurring prior to fertilization and allows the sperm to adopt its characteristic
hydrodynamic head shape, permitting faster swimming through the female

reproductive tract (Miller et al., 2010).

The tight compaction is facilitated by the histone-to-protamine exchange. During this
remodeling process, histones are replaced by histone variants, many of which are testis
specific. Histone variants are then replaced by transition proteins (TPs) and finally by
protamines (Figure 5) (Moritz & Hammoud, 2022). The incorporation of the histone
variants induces nucleosome destabilization by weakening histone association and can
promote chromatin accessibility (Martire & Banaszynski, 2020). The histone-to-
protamine exchange compacts around 85% of the sperm DNA in toroidal structures that
stack together side to side in a very efficient space saving form (Brewer, 2011). These
toroids are a result of the positively charged arginine-rich protamines (P1 and P2) that

neutralize the negative phosphodiester DNA backbone (Balhorn, 2007). The

25



incorporation of cysteine in protamines help further stabilize the chromatin through

disulfide bonds (Vilfan et al., 2004).

Histones

- - -

Protamine 2

Round Spermatids Elongating ‘ Condensing Condensed Spermatids

Step 6 12 13 14 15 16

Figure 5. Key chromatin remodeling events during spermiogenesis in mice (Meistrich
et al.,, 2003). The sequence of appearance of histones, transition proteins (TPs), and
protamines (P1 and P2) is indicated. The steps of spermatid development are shown at

the bottom.

The toroid structures in the sperm chromatin contain 50 kbps of DNA and are made of
loops of DNA that are attached to a nuclear matrix (Figure 6) (Brewer, 2011). Nuclear
matrix attachment regions (MARs) are located between each protamine toroid and

anchors each toroid in place. MARs function as a checkpoint for sperm DNA integrity
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following fertilisation (Ward, 2010) and may be involved in the activation of paternal

genome during the early stages of embryogenesis (Ward et al., 1999).

Despite the almost complete transition of histones by protamines, around 10% of
human genome remain associated to histone-specific nucleosomes (Yamaguchi et al.,
2018). It has been suggested that retained histones and their subsequent post-
translational modifications may have a role in the transmission of epigenetic memory
from the spermatozoon to the embryo. Consistent with this, research in mice has
indicated that the location of retained histones, on gene promoters having high content
of unmethylated CpG regions, suggests their role in the transcriptional regulation of
these genes and overall organization of the genome following fertilization (Erkek et al.,

2013; Torres-Flores & Hernandez-Hernandez, 2020).

However, analysis of histone retention patterns in sperm remains contested. A recent
preprint (Yin et al., 2022) showed that the majority of the signal in ChIP-Seq studies from
semen samples is not derived from sperm at all, but is instead due to circulating cell-
free DNA (cfDNA) in the seminal plasma. More extensive research will be needed to
control for this confounding factor and reveal the true localization of retained histones

in sperm from various species including humans.

27



1
]
!
/
'
H

istone

Chromatin
condensation

Histones replaced
by protamines

Matrix
attachment
region
(MAR)

Protamine-DNA

2 > .
Histone Nuclear matrix toroid

solenoid

Folded histone
solenoid

Linker

Toroid linker/MAR

Matrix
attachment
regions

Protamine toroids
stacked side to side

Figure 6. Sperm Chromatin Remodelling (Ward, 2010). The bulk of the sperm DNA is
arranged into toroid structures that are tightly coiled and stacked side-by-side. The
stability of this toroid structure is maintained by protamines, which counteract the
repulsion between the phosphodiester backbones. A smaller portion of the DNA is
linked with histones in the sperm cells, while the rest is anchored to the nuclear matrix

through Matrix Attachment Regions (MARs).

1.4. Sperm DNA Damage

1.4.1. Physiological DNA strand breaks

Spermatogenesis involves a series of events, including meiosis and cell differentiation.
This is unique to the mammalian system, as it produces a final cell type having a
transcriptionally inactive nucleus, with major parts of the sperm cell stripped off (Miller

et al., 2010). Mature spermatozoa are particularly susceptible to the accumulation of
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DNA damage owing to the lack of DNA repair responses. This is a direct result of
significant chromatin compaction and reduction of cytoplasmic content (Gonzalez-
Marin et al., 2012). A critical event that occurs during spermatogenesis is the formation
of double strand breaks (DSBs) during prophase | to enable recombination of
homologous chromosomes (Murakami & Keeney, 2008). The free ends of the double
strand breaks are repaired through the process of homologous recombination-mediated

repair of DSBs, resulting in the characteristic chiasma formation (Guiraldelli et al., 2018).

DNA breaks also occur during the process of histone to protamine replacement. DNA
break generation allows for the necessary swivel effect to reduce torsional stress
associated with the super helical tension, facilitating histone exchange (Marcon &
Boissonneault, 2004). Topoisomerases could be generating the DNA breaks (single and
double strand breaks) and could also be involved in sealing the DNA nicks (Marcon &
Boissonneault, 2004). Topoisomerases can be trapped through covalent linkages with
the DNA breaks, creating protein-associated DNA strand breaks, a significant portion of
which are DNA double-strand breaks (Sun et al., 2020). Transition proteins can stimulate
the repair of transient DNA nicks (Lévesque et al., 1998) and together with protamines
(Sheflin et al., 1991), enhance the ligation of short DNA fragments (Marcon &
Boissonneault, 2004). Therefore, as expected, abnormalities in the histone to protamine
have been associated with increased levels of DNA breaks owing to failure in post-
meiotic DNA repair (Bianchi et al., 1993; Gorczyca et al., 1993). Consistent with this
observation, recent work shows that DSBs occurring during mouse spermatid elongation
are associated with specific sequence contexts (particularly (CA)n dinucleotide repeats)
that are predicted to fold into a Z-DNA structure. These may be a substrate for

topoisomerase activity and/or may act to “buffer” torsional changes during remodelling
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(Burden et al., 2023). These spermatid DSB-prone regions are then also subsequently
associated with “hotspots” of oxidative DNA damage in mature sperm (see following

section — Section 1.4.2.).

Such elaborate events that occur during spermatogenesis are necessary for extreme
DNA compaction and to enable the sperm to carry the male genetic information to the
oocyte. However, all these complex and dynamic processes result in a number of
ejaculated spermatozoa possessing varying degrees of abnormalities. In fact, it is
estimated that around 45% of the spermatozoa produced are non-viable (Griswold,
2016; Johnson et al., 1983). These findings are of concerns for ICSI procedures that make
use of spermatozoa extracted from testicular tissue, since such spermatozoa can be
harboring transient DNA strand breaks that have not yet undergone DNA repair

(Johnson et al., 1999; Marcon & Boissonneault, 2004).

Additionally, there is emerging evidence suggesting that the levels of DNA damage in
ejaculated spermatozoa cannot be completely explained by the processes of abortive
apoptosis and defective chromatin packaging mechanism. A number of studies have
shown that there is increased levels of DNA damage in ejaculated sperm when
compared to DNA damage levels of testicular sperm, suggesting that DNA damage also
occurs during epididymal transit (Esteves et al., 2015; Mehta et al., 2015; Suganuma et
al., 2005). The increased level of DNA damage during epididymal transit could arise from
abortive apoptosis, aberrant protamination and oxidative stress. Antioxidants (including
vitamins C and E, superoxide dismutase and glutathione) present within the seminal
plasma help protect the spermatozoa against oxidative attack following ejaculation.

However, during epididymal storage and transit, the sperm are not protected by seminal
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antioxidants and rely on the intrinsic spermatozoon antioxidant capacity for protection

against oxidative attack (Tremellen, 2008).

1.4.2. Oxidative induced damage

Oxidative stress occurs when there is an imbalance between the systemic manifestation
of reactive oxygen species (ROS) and the biological system’s antioxidant defences.
Reactive oxygen species are highly reactive chemical species, that are generated as by-
products of metabolism. At moderate concentrations, ROS like superoxide anion and
hydrogen peroxide play important signaling roles in sperm maturation, capacitation,
acrosome reaction, and fertilization (O’Flaherty & Matsushita-Fournier, 2017). Sperm
capacitation involves a series of physiological changes in the female reproductive tract
that allow sperm to fertilize an oocyte (Ickowicz et al., 2012). This process activates
sperm motility and prepares them for the acrosome reaction. The acrosome reaction
involves fusion and vesiculation of the outer acrosomal membrane, exposing hydrolytic
enzymes needed for sperm to penetrate the zona pellucida of the oocyte. Controlled
amounts of ROS help regulate sperm motility by modulating axonemal protein
phosphorylation and are also involved in signaling pathways that prepare sperm for
fertilization, such as tyrosine phosphorylation during capacitation (Aitken, 2017; Naz &

Rajesh, 2004).

Spermatozoa themselves produce ROS via two main sources: (1) the NADPH oxidase
system at the sperm plasma membrane and (2) the mitochondrial NADH-dependent

oxidoreductase reaction, which is the main source of ROS production in spermatozoa.
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ROS can also originate from other endogenous (including leukocytes and immature

spermatozoa) and exogenous (including smoking and radiation) sources (Figure 7).

Pathological and Physiological Stressors

- Infection
- Toxins (smoking, cytotoxic drugs) .
_Hea stress latrogenic Sources
- Varicocele - Freeze/Thaw Artifacts
- Mitochondrial ROS - Storage temperatures
- Topoisomerase activity - Buffer solutions
- Recombination errors - Time lapse following
- Abortive apoptosis ejaculation
- Immature/abnormal spermatozoa - Extenders
Sperm DNA damage
* "¢
(a)

(a) Double Strand Break, (b) DNA mismatch, (c) Abasic site, (d) Single Strand Break
No impact Fertility/offspring impact

Figure 7. Summary of the main causes of sperm DNA damage (new figure based on

data from Gonzalez-Marin et al., 2012).

Spermatozoa are particularly susceptible to oxidative attack due to the high levels of
polyunsaturated fatty acids (PUFA), particularly docosahexaenoic acid, in the sperm
plasma membrane (Agarwal et al., 2014). PUFAs contain unconjugated double bonds
that are separated by methylene grouping. This configuration renders the methyl
carbon-hydrogen bond susceptible to abstraction, resulting in unpaired electron on the
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carbon atom. The carbon radical seeks stabilisation by combining with an oxygen atom
to form a peroxyl radical, which can in turn abstract another hydrogen atom from
another methyl carbon-hydrogen bond, resulting in the start of a lipid peroxidation
chain reaction (Repetto et al., 2012). High levels of ROS can trigger this cascade of
reactions, decreasing sperm viability and sperm motility. Additionally, ROS induces
sperm DNA damage, in fact, oxidation of bases is considered to be the major source of
DNA damage that occurs post spermiation (Agarwal et al., 2014). Guanine is the most
susceptible base to oxidation due to its low redox potential (Seidel et al., 1996). ROS
attack on guanine bases generates oxidised guanine residues with a major common
oxidation product being 8-OH-deoxyguanosine (8-OHdG). A strong correlation between
the presence of 8-OHDdG and DNA strand breaks exists (De luliis et al., 2009), and 8-
OHdG has been commonly used as a biomarker of oxidative damage to DNA (Shen et al.,

1999; Shen & Ong, 2000).

The quasi-silent nature of spermatozoa results in a limited ability to repair oxidised
bases. The base-excision repair (BER) pathway, in somatic cells, utilises the enzyme
oxoguanine glycosylase for the removal of oxidised guanine (Krokan & Bjgras, 2013)
(Figure 8). This action generates an open apyrimidine site (AP site), which is then filled
with an unaltered residue. However, spermatozoa have a truncated BER ability, meaning
that the presence of oxoguanine glycosylase allows oxidised guanine to be cut off, but

lack the necessary enzymes to fill the open AP site (T. B. Smith et al., 2013).

Oxidative damage, and the resulting DNA strand breaks, are particularly prominent in
the context of “abortive apoptosis” in sperm (Aitken & Koppers, 2011). Owing to their

limited cellular resources, sperm are unable to activate the full machinery of a typical

33



apoptotic cascade. However, they can still trigger mitochondrial permeabilization and
release of ROS in response to pro-apoptotic stresses. Consequentially, this leads to
widespread oxidative damage throughout the sperm cell and its nucleus. A damaged
sperm cell therefore typically exhibits high levels of oxidative DNA damage and DNA
fragmentation, and the boundary between “damaged but surviving” and “dying”

becomes hard to define.

This difference may in part depend on the repair capacity of the female partner. Since
sperm cannot themselves repair oxidative damage, they rely on the oocyte following
fertilisation to complete the repair. However, high levels of oxidised bases can
overwhelm the oocytes repair capacity (Rashki Ghaleno et al., 2021). Additionally,
oocytes from older women, or stressed oocytes following ART procedures can have a
weakened repair capacity of oxidised guanine, potentially resulting in de novo mutations
(Horta et al., 2020). Additions or deletions of necessary bases in the DNA sequence leads
to modifications/frameshift mutations and can affect the entire protein produced. In
addition, oxidation of bases can result in the de-amination of bases, causing the
replication of altered bases, thereby, generating wrong opposing bases (Krokan &
Bjgras, 2013). Such mutations can cause genomic instability in early embryonic
development and can lead to rare congenital disorders when embryos escape

developmental arrest (Middelkamp et al., 2020).
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Figure 8. Diagram of the base excision repair (BER) pathway (Rashki Ghaleno et al.,
2021). One of the key steps in the BER pathway is the recognition and removal of
oxidised bases by a glycosylase enzyme called OGG1. OGG1 recognizes and excises the
oxidised base from the DNA strand. After the damaged base is removed, a recombinase
complex composed of APE1 and XRCC1 proteins is recruited to the site of the damage.
APE1 cleaves the DNA backbone at the 5' end of the damaged base, creating a nick that
can be repaired by DNA polymerase and ligase enzymes. XRCC1 acts as a scaffold protein
that facilitates the assembly and coordination of the other repair proteins involved in
the process. Spermatozoa possess only the first part of the BER pathway — up to the
removal of the damaged based by OGG1 Glycosylase but lack the activities of APE1 and
XRCC1 Ligase.
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1.5. Function of sperm DNA integrity in embryonic development

The integrity of sperm DNA is key to reproductive success. Several studies have
highlighted the role sperm chromatin has in sperm function and subsequent embryo
development (Kim et al., 2019; Kumar et al., 2013; Ribas-Maynou et al., 2022; Ward,
2010). Spermatozoa accumulates DNA damage from three main sources: defective
chromatin compaction during spermiogenesis, abortive apoptosis and oxidative stress
(Tamburrino et al., 2012). The extent of each of these mechanisms is dependent on
various parameters including paternal age (Sharma et al., 2015), environmental toxin
exposure (Krzastek et al., 2020), pathological conditions (Panner Selvam et al., 2021) and

male abstinence period (Comar et al., 2017).

Parts of the sperm chromatin (the histone-bound chromatin and the MARs of the sperm
cells) are inherited unchanged by the embryo — i.e. do not undergo immediate
deprotamination and remodelling following fertilization — and are required for proper
embryonic development (Figure 9) (Ward, 2010). However, defects in chromatin
compaction can change the tertiary chromatin structure and can prevent the zygote
from properly accessing the paternal genome (de Macedo et al., 2021). Embryonic
development does not proceed beyond the first cell cycle without proper organization
of DNA into loop domains at the MARs (Shaman et al., 2007). At later embryonic stages,
intact histone-bound sequences are required to allow for normal embryonic
development. Repeated IVF failures, that result from developmental arrest at the

pronuclear stage, are linked to defects in chromatin compaction (Menezo et al., 2017).
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Figure 9. Inheritance of sperm chromatin structures by the embryo (Ward, 2010).
Following fertilisation, protamines are replaced by histones supplied by the oocyte.
Some spermatozoon histones are retained in the paternal pronuclear chromatin of the

zygote.

Oxidative stress can promote nuclear decondensation by destabilizing the DNA
structures. This renders the sperm chromatin susceptible to ROS attack, promoting
single and double DNA strand breaks (Ribas-Maynou & Benet, 2019). Double DNA strand
breaks are lethal alterations in the zygote and result in a delay in the cell cycle (Derijck
et al., 2008). Spermatozoa harboring double strand breaks that were used for
fertilisation exhibited chromosomal alterations in the paternal genome of the embryo

and a delay in embryo kinetics (Genesca et al., 1992; Tusell et al., 2004). A study by
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Gawecka et al.,, 2013, demonstrated that zygotes respond to sperm DNA damage
through a non-apoptotic mechanism, delaying the initiation of paternal DNA replication
by up to twelve hours, but not affecting the maternal DNA replication. This resulted in a
large proportion of the embryos being arrested at the 1 or 2 cell stage. Double strand
breaks in mice sperm were also correlated to reduced offspring survivability (Fernandez-

Gonzalez et al., 2008).

When analyzing sperm DNA integrity and the relationship with embryonic development,
the oocyte quality should also be taken into account. The oocyte has the capacity to
repair sperm DNA damage levels (Ahmadi & Ng, 1999), however, the extent of repair
depends on oocyte quality and level of sperm DNA damage. DNA misrepair by the oocyte
can result in lower embryonic development and can lead to higher miscarriage rates.
This is termed as paternal “late effect” (Garcia-Rodriguez et al., 2018). DNA repair by the
oocyte is largely dependent on the age and ovarian environment, however, the oocyte
repair capacity is still largely a mystery (Stringer et al., 2018). This could explain the
disparity between studies analyzing the influence of sperm DNA damage and
reproductive success, since unlike sperm DNA integrity, the oocyte repair capacity

cannot be directly measured (Meseguer et al., 2011).
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1.6. Paternal Age and sperm DNA quality

Due to various socio-economic factors, the average paternal age has increased by 3.5
years over a 44 year period, from 27.4 to 30.9 years (Bray & Gunnell, 2006; Khandwala
et al., 2017). Several studies have associated increased paternal age with lower sperm
DNA quality. A study by Moskovtsev et al., 2009, divided patients into four age groups:
<30, 30-40, 41-50, and >50, and the data showed sperm DNA damage to be highest for

men aged >50 and lowest for men aged less than 30 (Figure 10).
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Figure 10. Boxplots showing % DNA Fragmentation Index (DFI) for four different age
groups (Moskovtsev et al., 2009). Relationship between different age groups and sperm
DNA damage levels as represented by %DNA fragmentation Index (DFI) (see section
1.7.2.). The sperm chromatin structure assay was used for determining % DFl levels. The

% DFI was significantly different among all the age groups.

It is thought that advanced paternal age results in the accumulation of chromosomal

aberrations and mutations, and this can have an adverse effect on reproductive
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outcomes. A prospective study by Slama et al., 2005, on 5121 women, indicated that
when the paternal age was >35, there was a higher risk of spontaneous abortion, with a
stronger association for first trimester loss. Around half of spontaneous abortions occur
due to chromosomal anomalies in the zygote, which can arise from errors in oogenesis,
spermatogenesis, fertilisation or embryogenesis (Boué et al., 1975). Therefore, as male
age increases, there is increased risk of errors in spermatogenesis, which may induce
spontaneous abortion. A study by Nybo Andersen et al., 2004, recruited 23,821 women
to analyse the effect of paternal age on fetal death. After adjustment for maternal age,
the study found a higher risk of late fetal death than early fetal death for men aged 50
or more, at time of conception. It has also been suggested that increased paternal age
can increase the risk of low birth weight and preterm birth (Tough et al., 2003), and can
also shorten offspring life span. A study by Gavrilov & Gavrilova, 2001 indicated that
adult daughters (>30 years) born to older fathers (45 to 55 years) lived shorter lives,
however, this was not observed with sons born to older fathers. The study postulated
that the genes affecting longevity and sensitivity to mutation accumulation might be
more concentrated in the X chromosome. However, other studies have reported

contradictory results (Hubbard et al., 2009; Robine et al., 2003).

1.7. Detection of sperm DNA Damage

Some studies have reported associations between higher sperm DNA damage and
reduced natural pregnancy rates, longer time to pregnancy, and increased risk of
miscarriage (Lewis & Simon, 2010; Ribas-Maynou & Benet, 2019; Zini et al., 2008). Sperm

DNA damage testing, using various techniques like TUNEL, SCSA, and SCD, can quantify
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DNA fragmentation in sperm. Zini et al. (2008) performed a systematic review and meta-
analysis of 11 studies examining links between sperm DNA damage and pregnancy
outcomes using different tests. Despite heterogeneity, they found increased miscarriage
risk with higher DNA damage, with an odds ratio of 2.48 (95% Cl 1.52, 4.04, p<0.0001).
A meta-analysis by Simon et al. (2017) also found associations between sperm DNA
damage and reduced clinical pregnancy rates in 41 IVF/ICSI studies, though with

methodological limitations.

While these analyses indicate sperm DNA integrity may affect reproductive success,
heterogeneity across studies underscores the need for larger, high-quality studies using
consistent methods. Key studies have used varying assays and thresholds to assess DNA
damage (Table 2) and although associations have been reported between higher sperm
DNA fragmentation and adverse IVF/ICSI outcomes, additional robust research is
required to definitively characterize the potential utility for sperm DNA integrity

evaluation in thoroughly assessing male fertility.
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Table 2. Characteristics of studies on sperm DNA damage and reproductive outcomes

following Assisted Reproductive Technology procedures.

Author ART Assay Association n Study design
with ART
outcome
Benchaibetal., | IVF/ICSI | TUNEL Fertilisation 104 Prospective
2003 Rate
Larson-Cook | IVF/ICSI | SCSA Clinical 89 Retrospective
etal., 2003 Pregnancy Rate
Benchaibetal., | IVF/ICSI | TUNEL Fertilisation 322 Prospective
2007 Rate,
Miscarriage
Rate,
Pregnancy Rate
Sedé et al, |ICSI TUNEL Embryo 82 Not mentioned
2017 Quality
Yang et al, | IUI/IVF/ | SCSA Miscarriage 2622 | Retrospective
2019 ICSI Rate (1UI)
Zarén et al., | IVF/ICSI | SCSA Embryo 352 Retrospective
2019 Quality
Chen et al., |ICSI SCSA No association | 713 Retrospective
2020
Cheng et al., | IUI/IVF/ | SCSA Pregnancy Rate | 3000 | Retrospective
2020 ICSI
Tang et al,|IVF SCD Fertilisation 523 Retrospective
2021 Rate
Tenetal., 2022 | IVF/ICSI | TUNEL No association | 331 Prospective

Study

The existing sperm DNA damage tests can be grouped according to whether they use

enzymatic reactions to label DNA breaks (TUNEL assay) or whether they rely on

controlled DNA denaturation to reveal DNA breaks (SCSA, comet assay, SCD assay)

(Esteves et al., 2021).

42



1.7.1. TUNEL assay

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick End Labeling (TUNEL) assay
allows for the measurement of single and double stranded DNA breaks. The TUNEL assay
uses the DNA polymerase, TdT, to catalyse the addition of labelled dUTPs to the 3’-
hydroxyl free ends of single and double stranded DNA (Sharma et al., 2016). The more
DNA breaks present, the more dUTP is added, which can then be visualised using

fluorescence microscopy or flow cytometry.

The clinical thresholds for sperm DNA fragmentation varies between different labs/ flow
cytometers/methodologies used, ranging from 12% to 35% (Dominguez-Fandos et al.,
2007; Duran et al., 2002; Sergerie et al., 2005). The established thresholds for sperm
DNA fragmentation for the BD Accuri C6 and Accuri C6 Plus flow cytometers is set at
16.8%. This cut-off value had a reported high specificity of 91.6% and a positive
predictive value of 91.4%, allowing the discrimination between fertile and subfertile

men (Figure 11) (Sharma et al., 2016).
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Figure 11: (a) ROC curve and (b) %DNA fragmentation differences between controls
and patients (Sharma et al., 2016). (a) Receiver operator characteristic (ROC) curve
showing TUNEL assay cut-off value at 16.8%. Values within the parenthesis represents
the 95% confidence intervals. (b) shows the distribution of TUNEL test values between
the controls (proven and unproven fertility) and patients (subfertile — confirmed male

factor infertility by a male infertility specialist) men.

1.7.2. Sperm Chromatin Structure Assay (SCSA)

The sperm chromatin structure assay (SCSA) determines the percentage of DNA
fragmentation Index (DFI) in sperm, as well as the number of immature spermatozoa
(High DNA stainability - HDS) having high histone retention (Evenson, 2016). The test
uses acridine orange (AO), a nucleic acid-selective cationic fluorescent dye, that
penetrates dense sperm chromatin structure and intercalates into the double stranded
DNA, resulting in green fluorescence (515-530 nm). The AO molecule stacks on single
stranded DNA resulting in a metachromatic shift from green to red fluorescence
(>630nm), that represents the number of sperm having DNA damage. Additionally, the

SCSA allows for the measurement of spermatozoa that retain excess nuclear histones
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since they fluoresce stronger than the rest of the stained spermatozoa. This allows for

the estimation of the number of immature spermatozoa (HDS).

There are four thresholds levels for % DFI established for SCSA that are related to
pregnancy outcomes (when there is no female infertility factors) (1) < 15 % DFI —
excellent to good pregnancy outcomes, (2) > 15 % to < 25 % DFI — good to fair pregnancy
outcomes, (3) > 25 % to < 40 % DFI — fair to poor pregnancy outcomes and (4) > 40 % DFI
— very poor pregnancy outcomes (Evenson et al., 2002). Above 25 % HDS may also
reduce the odds for good pregnancy outcomes. The established clinical threshold for
SCSA is set at 25 % (Figure 12) for placing a man into a statistical probability of poorer
reproductive outcomes including longer time to natural pregnancy, recurrent pregnancy

loss and lower chances of IUl pregnancies (Evenson, 2013; Zhu et al., 2019).
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Figure 12. ROC curve of % DFI for determining clinically relevant threshold (Zhu et al.,

2019). Receiver operator curve analysis of %DNA Fragmentation Index (DFl) in recurrent
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pregnancy loss and control group (couples with clinical pregnancy following IVF). A

threshold value of 24.6 % was obtained to discriminate from control group.

1.7.3. Acridine Orange Test

The acridine orange test (AOT) is a cytochemical test which utilises the metachromatic
properties of acridine orange to differentiate between double stranded DNA and single
stranded DNA. Following exposure to acid and acridine orange staining, the acridine
orange molecules intercalates into double stranded DNA and emits green fluorescence
following exposure to blue light (Ajina et al., 2017; Tejada et al., 1984). Aggregation of
acridine orange molecule on single stranded DNA results in the emission of red
fluorescence under blue light. The AOT is based on similar principles of the SCSA,
however, it utilises fluorescence microscopy instead of flow cytometry to quantify
sperm DNA damage levels. Therefore, due to the different methodology/equipment
used between the AOT and the SCSA, the clinically relevant thresholds vary between the
two assays. A study by Hoshi et al., 1996 revealed that spermatozoa have significantly
lower fertilisation rates when there is <50% green AO fluorescence, suggesting that 50%
could be the clinically relevant threshold for AOT. A study by Eggert-Kruse et al., 1996
found no correlation between AO testing and sperm motility, however, when assessing
sperm morphology found a weak but significant Pearson correlation (r = 0.15) between

the percentage of normal forms and percentage of green-fluorescing sperm.
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1.7.4. Sperm Chromatin Dispersion Test

The sperm chromatin dispersion test (SCD)/Halosperm test is based on the ability of
intact DNA to create loops around the nuclear matrix. These correspond to relaxed DNA
loops attached to the residual nuclear matrix (Fernandez et al., 2003). During SCD, the
sperm are suspended in agarose matrix and treated with an acid solution, as a DNA
denaturant, followed by a lysing solution. The lysing solution enables the removal of the
nuclear protamines resulting in a spread of the DNA loops in the microgel (Fernandez et
al., 2018). After staining with bright-field dyes or fluorochromes, DNA fragmentation is

assessed using microscopy.

The degree of DNA fragmentation is measured by evaluating the size and shape of the
dispersed DNA fragments (Figure 13). If the sperm DNA is non fragmented, that is,
without significant DNA denaturation following acid treatment, large halos of dispersed
DNA will show. If the sperm DNA has fragmented DNA, the DNA will not disperse, or

have limited dispersal, resulting in a lack of halo or a small halo.
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Figure 13. Images of sperm processed by the sperm chromatin dispersion test under

bright-field microscopy (Fernandez et al., 2018).
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Different cut off values for SCD have been reported to be clinically relevant. A study by
Gosalvez, Jaime et al., 2015 reported that a cut off value of 16%, having a sensitivity of
85% and specificity of 75%, allowed for the discrimination between sperm donors and
male patients attending an infertility clinic (Figure 14). Another study, reported a
predictive cut off for pregnancy at 25.5%, having a negative predictive value of 72.7%

(Lopez et al., 2013).
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Figure 14. Difference between between sperm donors and male patients attending an
infertility clinic (Gosalvez et al., 2015). (a) Box-whisker plot showing the distribution of
sperm chromatin dispersion assay between group D (Donors) and group FS (First Semen
analysis). (b) Receiver operator characteristic (ROC) curve using group D as a

discriminative characteristic (at 16% cut off value).

1.7.5. Comet
Single cell gel electrophoresis (comet assay) unlike the SCSA, TUNEL and SCD assays, can

distinguish between single strand breaks and double strand breaks. The comet assay
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uses an electric field to separate DNA fragments, based on charge and size of strands
(Simon & Carrell, 2013). Sperm exhibiting high levels of fragmented DNA will show an
intense comet tail and comet length when visualised using a fluorescent dye. Non-
fragmented DNA is retained in the nucleus. The comet assay can be performed in neutral
buffer solutions (pH 7.5) or in alkaline solutions, pH >13 (Figure 15). In a neutral buffer,
DNA is preserved as a double helix structure, resulting in double strand breaks to
migrate during exposure to an electric field (Afanasieva et al., 2009). Whereas in alkaline

denaturing conditions, single and double strand breaks are revealed and detected.

Multiple thresholds have been published for the comet assay. A study by Nicopoullos et
al. found that sperm having less than 15% average alkaline comet score achieved the
highest chance of live birth (Nicopoullos et al., 2019). The study advised, that if average
comet score is greater than 29%, ICSI should be performed since the live birth remains
steady even if sperm DNA damage is high. Another study indicated that a threshold of
26% for the alkaline comet assay is highly predictive of sporadic and recurrent
miscarriage (Haddock et al., 2021). Neutral comet threshold of 77.5% has been shown
to be associated with recurrent pregnancy loss (Ribas-Maynou et al., 2012), however,
larger clinical studies are required to elucidate a clinically relevant threshold for the

neutral comet assay.
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Figure 15. Photomicrograph of non-fragmented and fragmented spermatozoa in
alkaline and neutral comet (Ribas-Maynou et al., 2012). Varying levels of sperm DNA

fragmentation (SDF) are shown for the fragmented spermatozoa (stained using DAPI).

1.7.6. Limitations of sperm DNA damage testing

Sperm DNA damage testing allows for the assessment of DNA integrity and provides
valuable information about male fertility and potential reproductive outcomes.
However, there are several limitations when it comes to sperm DNA damage testing,
including a lack of standardised testing protocols (Durairajanayagam, 2017). There is
currently no consensus on methodology to conduct sperm DNA damage testing, making
it difficult to compare results between different studies. The main advantages and
disadvantages of the different sperm DNA damage tests are reported in Table 3.
Additionally, there is variability in results based on the different external factors
including method followed and laboratory used. Sperm DNA damage testing methods
are also often criticised for their inability to differentiate the exact type of DNA break as
sperm DNA breaks occur naturally during spermatogenesis (Agarwal et al., 2017).
Therefore, the lack of identification of the particular DNA breaks can impair the clinical

significance of such test. However, multiple studies have assessed the correlation
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between sperm DNA damage and reproductive outcomes using a wide variety of sperm
DNA damage tests. Therefore, despite there being a lack of standardisation for sperm
DNA damage testing, this should not underestimate the clinical benefit sperm DNA

damage testing has as a complimentary test to a standard semen analysis.
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Table 3. Summary of principle, advantages and disadvantages of common sperm DNA

fragmentation tests.

Types
Assay (gr[e);\llg Basis Advantages Disadvantages
detected
e Specialised
Standardised equipment
protocol training
dUTP Low inter- e Time
SSB staining of observer consuming
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strand Specific bulky enzyme
breaks detection of resulting in
DNA limited access
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chromatin
Standardised
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. Rapid evaluation equipment
SCSA SSB Acridine of Eperm DNA training
DSB orange damage levels e Indirect
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is a small DNA damage
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sCD SSB DNA loops Technically m_tenswe
DSB _embedded simple e Time
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DNA breaks
e Can be done y Htigh inter-
- observer
Electropho using low sperm L
resisp courg[s P variability
Alkaline SSB e e Time
measureme e Quantifies actual .
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1.8. Strategies to minimise sperm DNA damage

Female partners of males presenting with high sperm DNA damage levels, have a higher
likelihood of lower pregnancy success rates and higher miscarriage rates, even following
ART procedures (Chua et al., 2023; Mali¢ Voncina et al., 2021; Robinson et al., 2012).
Therefore, utilising methods that can help prepare and select sperm with better
chromatin can help increase the chances of reproductive success. Where possible, men

are advised to adopt certain lifestyle changes to improve sperm parameters.

1.8.1. Sperm Preparation Techniques

Sperm preparation is an important step for ART procedures. The goal of sperm
preparation is to select sperm having high motility, normal morphology, and low sperm
DNA damage, to increase likelihood of achieving good reproductive outcomes (Pinto et
al., 2021). A variety of methods have been used to select sperm of high quality, with the
most common techniques being density gradient centrifugation and swim up. Density

gradient centrifugation (DGC) is considered the gold stand for sperm preparation. It is
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based on centrifugation of semen on different levels of solutions that have varying
density. Following centrifugation, the sperm separate at the gradient layer of the most
appropriate density. Mature morphologically normal sperm have a density of around
1.10 g/ml while immature morphologically abnormal sperm have a lower density of
around 1.06 — 1.09 g/ml (Sharma & Agarwal, 2020). The swim up method relies on the
ability to separate a semen sample into motile and less motile fractions. In swim up, a
sperm pellet obtained from centrifugation is placed on an overlaying culture medium
and incubated at a 45-degree angle. Motile spermatozoa swim up through the medium

while non-motile spermatozoa remain in the bottom layer.

A major limitation of both DGC and swim-up techniques is that they rely on
centrifugation steps. Centrifugation has been suggested to increase the level of ROS
resulting in increased sperm DNA damage levels (Aitken et al., 2010; Z. Li et al., 2012).
As a result, microfluidic based sperm preparation has emerged as an alternative sperm
preparation technique (Figure 16), that allows for sperm to be naturally selected based
on motility, morphology and DNA integrity (Nosrati et al., 2017). Microfluidic devices
consist of an array of microchannels through which motile sperm move and are collected
at the outlet port. Since it does not rely on centrifugation for sperm separation, studies
have reported lower DNA fragmentation levels compared to swim up and density

gradient centrifugation (Gode et al., 2020; Nosrati et al., 2014; Quinn et al., 2018).
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Figure 16. Microfluidic sperm separation mechanism (Schuster et al., 2003). A passively
driven microfluidic device for sperm sorting utilizing microfluidic channels to separate
sperm cells based on their motility. It relies on the natural flow of fluids to drive the
separation process. The flow direction shown in (A) and (B) shows the sorting process of
sperm. Highly motile sperm are able to swim across the stream more readily than less

motile sperm.

1.8.2. Lifestyle modifications
Several lifestyle factors including obesity, caffeine intake and smoking can have been

correlated to reduced sperm quality.

1.8.2.1. Overweight and Obesity
Obese men have been shown to have increased levels of seminal oxidative stress,
resulting in increased levels of DNA damage when compared to normal weight men

(Palmer et al., 2012). This could be a direct result of increased scrotal temperatures and
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endocrine imbalance, reducing overall sperm quality. The increased levels of sperm DNA
damage in obese men have been associated with lower pregnancy rates, increased
miscarriage rates, and reduced live birth rates (Bakos et al., 2011; Keltz et al., 2010).
Weight loss was found to decrease levels of sperm DNA damage, potentially due to
restoring the endocrine balance of the hypothalamic-pituitary-gonadal axis (Samavat et
al., 2018; Sultan et al., 2020). Therefore, for obese patients, weight loss is recommended

prior to ART treatment and to increase chances of natural conception.

1.8.2.2. Smoking

Cigarette smoking has been linked to increased levels of sperm DNA damage (CUl et al.,
2016). Tobacco smoke contains over 4700 chemical compounds and several compounds
found in the smoke are considered hazardous including nicotine and its metabolites
(Talhout et al., 2011). Enzymatic oxidation of nicotine can result in the formation of
cotinine that can be further metabolized into trans-3’-hydroxycotinine (Harlev et al.,
2015). The metabolite trans-3’-hydroxycotinine, can undergo redox cycling which can
enhance ROS levels (Kanamori et al., 2022) and result in DNA damage (Morgan, 1995).
Additionally, tobacco smoking has been directly associated with increased seminal
oxidative stress as a result of increased seminal leukocyte concentrations and decreased
antioxidant capacity (Rehman et al., 2019; Saleh et al., 2002). Studies have shown that
smoking cessation improves sperm parameters (Kulaksiz et al., 2022) and reduces the
risk of failure during an ART cycles, by up to 4%, each passing year since a man quit

smoking (Vanegas et al., 2017).
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1.8.2.3. Air pollution

High levels of air pollution have also been indicated to alter sperm quality, with reduced
sperm motility (Najafi et al., 2015) and increased sperm DNA damage levels reported
(Rubes et al., 2005; Selevan et al., 2000). However, limited information is available on
the impact of air pollutants on sperm quality. More environmental epidemiology studies

are needed to anlayse the association between ambient air pollution and sperm quality.

1.8.2.4. Antioxidant intakes

Excessive ROS levels can overcome the physiological antioxidant defenses, resulting in
oxidative stress. Antioxidant oral supplementation could help counterbalance excess
seminal ROS (Agarwal & Majzoub, 2017; Martinez-Holguin et al., 2020). The
physiological antioxidant system consists mainly of micronutrients (including zinc and
selenium), enzymatic factors (including superoxide dismutase, catalase and glutathione-
peroxidase) and non-enzymatic factors (vitamin E and C, and L-carnitine) (Martinez-
Holguin et al.,, 2020). The combinatory actions of these antioxidant systems help

maintain seminal redox balance.

Several studies have analysed the relationship between antioxidant intake and sperm
DNA damage levels and have reported conflicting results. Numerous studies have found
that intake of supplementary antioxidants improves sperm parameters (Ahmadi et al.,
2016; lli¢ et al., 2018; Li et al., 2022; Ligny et al., 2022; Xu et al., 2003), however, some
studies found no such association (Appasamy et al., 2007; Steiner et al., 2020). A
reduction in sperm DNA damage levels has also been reported following antioxidant
treatment. A study by Fraga et al., found that vitamin C supplementation helped lower

8-hydroxy-2'-deoxyguanosine levels (Fraga et al., 1991). Vitamin C is considered to be
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the main natural semen antioxidant and is found in relatively high concentrations in
semen. Poor sperm parameters have been associated with low vitamin C levels and
improved sperm motility has been associated with vitamin C supplementation (Dawson
et al., 1992). Overall, the effects of several individual antioxidants have been assessed
to analyse their effect on sperm parameters, however, it is likely that the antioxidants
work together in synergy (Caroppo & Dattilo, 2022; Kowalczyk, 2021), therefore multi-
antioxidant complex therapies might prove more beneficial in helping maintain the

balance between ROS production and clearance.

Although high ROS concentration can result in sperm pathologies, ROS concentration at
physiological levels are necessary for normal sperm function including capacitation,
hyperactivation, acrosome reaction and sperm-oocyte fusion (de Lamirande et al.,
1997). Therefore, although antioxidant supplementation can help reduce seminal
oxidative stress levels, it is important to ensure that ROS levels are not below
physiological levels, as reductive stress can have deleterious effects on sperm function

(Selvam et al., 2020).

1.8.2.5. Exercise

Although few study are available that analyse the benefits of exercise on male
reproductive health, it is generally considered beneficial (Vaamonde et al., 2017), and
positive correlations have been demonstrated between exercise and sperm count
(Lalinde-Acevedo et al., 2017; Vaamonde et al., 2012). However, cycling has been found
to have the opposite effect, likely due to increased testicular friction resulting in

increased sperm DNA damage levels (Hajizadeh & Tartibian, 2015). Other activities that
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result in increased scrotal temperatures are also to be avoided, including long hot baths
and saunas, since these can also result in reduced overall sperm quality (Garolla et al.,

2013).

1.8.2.6. Caffeine Intake

There is limited studies analyzing the effect of caffeine on sperm quality, and there is no
established agreement between studies analysing the effect of caffeine and number of
coffee cups in one day on sperm quality (Ricci et al., 2017). However, it is still
recommended to avoid caffeine or consuming too much caffeine (>2 cups of coffee a

day) when trying to conceive.

1.8.2.7. Varicocele repair

The presence of varicocele is often associated with reduced fertility. In a study by
Nieschlag, 2001, varicocele was found to have a clinical prevalence of 16% of 7,802 men
referred for infertility. The exact mechanism behind the influence of varicocele on
fertility, is largely unknown, however it has been associated with raised scrotal
temperatures (Goldstein & Eid, 1989), hormonal profile abnormalities (Bellastella et al.,
2022) and tissue hypoxia (Gat et al., 2005). The increased testicular temperature can
increase seminal oxidative stress levels, resulting in elevated sperm DNA damage levels
(Smith et al., 2006; Wang et al., 2022). Surgical repair of varicocele has been shown to
restore testicular temperature and improve sperm parameters (Schlesinger et al., 1994),
however further research is required to fully elucidate the effect of varicocele surgical

correction on sperm quality.
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1.9. Thesis prospectives

Taken together, it is clear that there are substantial challenges to overcome in both the
diagnosis and treatment of male factor fertility problems. These can be broadly grouped
under two headings: firstly, to ensure that the best use is made of currently available
diagnostics and remedies, and secondly the development of new methods to address

issues for which limited/no current solution exists.

1.9.1. Key questions addressed in this thesis

This thesis is comprised of five related projects. The first project (Chapter 3) is aimed at
understanding the barriers to uptake of current advanced semen testing methods. In
this, | analyse urologists’ perceptions of these tests and the reasons for their use, or lack
of use. The second project (Chapter 4) focuses on understanding the combinatory
results of two seminal oxidative stress tests (ROS and ORP tests) and seeks to
understand how these relate to sperm DNA damage and other sperm parameters. The
third project (Chapter 5) focuses on improving access to diagnostic testing, through the
validation of a rapid sperm DNA damage test to be provided as a commercially available
service. The fourth project (Chapter 6) turns to the development of novel treatments
for male fertility problems, and studies the use of microfluidic sperm preparation
techniques to reduce sperm DNA damage levels in an animal model system (boar
semen). The fifth and final project (Chapter 7) assesses the safety of broadband infrared
sources on boar and human spermatozoa — while not directly used for male fertility

treatment, these are proposed for use in optical coherence tomography to monitor
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fertilization and embryo development and so, understanding the effect on sperm is

crucial to their deployment.
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2. Chapter 2: Methods

2.1. Survey Methodology (for Chapter 3)

A web-based survey was conducted between 13t October 2020 and 15t December 2021,
to investigate how urologists use standard and advanced semen analysis data to
diagnose and manage subfertility in male patients. Urology registrars, fellows and
consultant urologists that specialise in male reproductive health were invited to

participate in this study.

A total of three sections which comprised 13 multiple choice and open-ended questions
were included in this survey. Section A analysed what can be diagnosed from routine
semen analysis (to choose whether they consider a semen analysis an important
indicator of (i) obstruction of male reproductive tract, (ii) male accessory gland
dysfunction, (iii) testicular dysfunction, (iv) infection/inflammation, (v) immunological
infertility, (vi) toxin exposure and (vii) genetic infertility) and which semen parameters
(sperm motility, abnormal % morphology, semen volume, seminal pH, % vitality, sperm
concentration, % round cells and leukocyte number) the respondents considered
relevant. Section B investigated what follow-up tests (sperm aneuploid testing, sperm
DNA fragmentation testing and sperm oxidative damage testing) the respondents use in
their current practice and the referral frequency of these tests. Section C aimed to
understand what the urologists want to test for, particularly in relation to sperm DNA

damage measurement.
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2.1.1. Survey Data Collection

The survey was primarily distributed through the LinkedIn Media platform and data was
collected on Jisc Online surveys (www.onlinesurveys.ac.uk). We specified that the
survey was intended only for urologists dealing with male subfertility patients and we
included a question to confirm that the participants are urologists that work in urology
and/or andrology clinics. Participants were implied to have consented to participate
upon registration and providing responses to the survey. All survey responses were

accessible only to the investigators.

2.2. Retrospective study methodology (for Chapter 4)

The study analyzing the impact of reactive oxygen species (ROS) and oxidative reduction
potential (ORP) on seminal parameters was a retrospective cross-sectional study
involving a total of 1278 patients attending TDL Andrology, London, UK, for seminal
oxidative stress testing between January 2019 and March 2022. Out of the 1278
patients, 183 patients also had sperm DNA damage testing performing in conjunction to
seminal oxidative stress testing. Exclusion criteria included incorrect abstinence period
(advised to have 2 to 3 days of sexual abstinence), less than 10° sperm per mL due to
unreliable oxidative-reductive potential (ORP) and reactive oxygen species (ROS)
measurements. Patients having had fever during the previous 12 week were also
excluded. Semen analysis at TDL Andrology, London was done according to WHO 2010
guidelines. Polymorphonuclear leukocytes were identified using a peroxidase screen

(LeucoScreen, FertiPro N.V., Beernem, Belgium).
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2.3. Ethical Clearances (required for all except Chapter 6)

2.3.1. Chapter 3 patients and ethical clearance
Ethical approval for this study was not required as it does not fall within the requirement

for a full research ethics review under University of Kent policy.

2.3.2. Chapter 4 patients and ethical clearance
This study was approved by the Faculty of Sciences Research Ethics Advisory Group for
Human Participants at the University of Kent (CREAG113-10-22) and adhered to the

current legislation on research involving human subjects in the UK.

2.3.3. Chapter 5 patients and ethical clearance
This study was approved by the Faculty of Sciences Research Ethics Advisory Group for
Human Participants at the University of Kent (CREAG074-05-22) and adhered to the

current legislation on research involving human subjects in the UK.

2.3.4. Chapter 7 patients and ethical clearance
This study was approved by the Faculty of Sciences Research Ethics Advisory Group for
Human Participants at the University of Kent (CREAG078-06-22) and adhered to the

current legislation on research involving human subjects in the UK.
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2.3.5. Semen samples analysed in this thesis (Chapters 4-7)

Sperm DNA fragmentation data and ROS/ORP measurements in Chapter 4 are a
retrospective reanalysis of data captured during routine diagnostic testing at The
Doctors Laboratory (TDL) Andrology clinic (Wimpole Street, London, UK). Anonymised
data was provided by the clinic following ethical approval via the appropriate University
of Kent Research Ethics Advisory Group (REAG) — see above. DNA fragmentation data in
Chapter 5 is a comparison of data provided by TDL to our own in-house tests, using
human semen samples provided by TDL. DNA fragmentation and viability/acrosome
integrity data in Chapter 6 and Chapter 7 are based on our own in-house assays, using

a boar model system and/or volunteer samples collected at Kent.

2.3.6. Human patient semen sample collection at The Doctors Laboratory Andrology
clinic for measurement of sperm DNA fragmentation (Chapters 4-5)
Semen samples were obtained from patients attending The Doctors Laboratory
Andrology clinic (Wimpole Street, London, UK) for sperm DNA damage testing by the
sperm chromatin structure assay (SCSA). Patients were advised to abstain from
ejaculation for 2 to 3 days (abstinence period of longer than 5 days were not accepted)
before the test. Semen samples were obtained by masturbation at the clinic and frozen
within 60 minutes of ejaculation. Two 250 pl — 500 pul aliquots of semen were placed in
1.8 mL cryovials. Samples were not accepted if the sperm count was below 0.1 x 10°
sperm cells/mL. The vials were labelled and snap frozen in dry ice and kept in a dry ice
container until shipment. One vial was then sent for SCSA testing to an external provider

(SCSA Diagnostics, Brookings, South Dakota, USA, data used in Chapter 4 and Chapter 5
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and the other vial (for Chapter 5 work only) was sent to the School of Biosciences in Kent
for sperm DNA damage testing. Samples that arrived at the University of Kent were kept

in a -86 °C Ultra Low Temperature (ULT) freezer.

2.3.7. Human volunteer sperm collection at Kent (Chapter 7)
Human semen samples were collected by masturbation on the day of testing and placed
in an incubator at 37 °C to liquify. The samples were prepared for testing within 30

minutes after collection.

2.3.8. Commercial boar sperm collection (Chapters 6-7)

Boar semen samples used for artificial insemination were supplied by JSR genetics (East
Yorkshire, United Kingdom). Samples were shipped in semen extender at room
temperature. Once received, the samples were placed in a cool box set at 17 °C for up

to three days before use.

2.4. Measurement of Seminal Oxidative Stress (Chapter 4)

2.4.1. Measurement of Reactive Oxygen Species

ROS levels were measured by staff at The Doctors Laboratory Andrology (London) using
a single tube luminometer (Turner Biosystems Instrument Modulus Model no. 9200-
001, Sunnyvale, California, USA). Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione;
SigmaAldrich) was used as the probe (Vessey et al., 2014). A stock 100 mmol/L luminol

solution in dimethylsulfoxide (DMSO) was prepared in a 15 mL polystyrene falcon tube
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in the dark and wrapped in aluminium foil. A luminol working solution was prepared
daily (5 mmol/L luminol in DMSO) and kept in the dark. Positive controls (395 ul PBS, 5
ul 30% H20; (VWR) and 10 pl 5mmol/L luminol working solution) and negative controls
(400 pul PBS and 10 pul 5 mmol/L luminol working solution) were run daily before assaying.
Reagents were brought to room temperature prior to assaying. For measuring ROS in
semen, 400 pl of liquified semen and 10 pl of luminol working solution were added
together and gently mixed before reading in the luminometer. Chemiluminescence
results were reported as relative light units (RLU) per second normalised to the sperm
concentration (RLU/s/108 sperm). RLU readings for control and test results were noted
at 1-minute intervals for a total of 10 minutes. The negative control mean value was

subtracted from the test mean value to remove background variation.

2.4.2. Measurement of oxidation reduction potential (ORP)

The MiOXSYS System (MiOXSYS, Aytu BioScience Inc., Englewood, CO, USA) was used for
ORP measurements (Agarwal et al., 2016; Rael et al., 2015) and was measured by staff
at The Doctors Laboratory Andrology (London). 30ul of liquified semen at room
temperature was pipetted on the sample aperture (Figure 17) and inserted in the
MiOXSYS analyser. Once the MiOXSYS sensor was inserted, a 2-minute sample detection
countdown started and a reading in milli Volts (mV) was displayed on the MiOXSYS
analyser screen. The mV readings were normalised to the sperm concentration (mV/10°

sperm/mL). Duplicate measurements were taken, and an average calculated.
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Figure 17. lllustration of the MiOXSYS sensor used for insertion in the MiOXSYS system

for measurement of oxidative reductive potential.

2.5. Sperm DNA fragmentation testing (for Chapters 4-7)

2.5.1. Sperm DNA fragmentation measurement by external provider (Chapters 4-5)

Samples were shipped to SCSA diagnostics (South Brookings, South Dakota, USA) for
SCSA testing. The sperm chromatin structure assay (SCSA) was used, and the reported
parameters were the level of sperm DNA fragmentation (reported as %DNA
Fragmentation Index, DFI) and the number of immature spermatozoa (reported as HDS

— high DNA stainability) (Evenson, 2013).

2.5.2. AOFT testing solutions and buffers (Chapters 5-7)
Double distilled (ddH,0) water was used for preparation of all solutions. All solutions

and buffers were stored at 4°C (unless specified otherwise).
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Acridine orange (AO) stock solution (1.0 mg/ml) was prepared by dissolving purified
acridine orange (ThermoFisher, A1301) in ddH,0. Acid detergent solution was prepared
by adding 20.0 mL of 2.0N hydrochloric acid (HCI) (SigmaAldrich, 258148), 4.39 g of
0.15M sodium chloride (SigmaAldrich, 59222C), 0.5 mL of 0.1% Triton X-100
(ThermoFisher, HFH10) and ddH,0 up to a final volume of 500 mL. pH of acid detergent
was adjusted to 1.2 using 5.0 N HCI (ThermoFisher, AA35638K2). 0.1 M citric acid buffer
was prepared by adding 21.01 g/L citric acid monohydrate (SigmaAldrich, C19009) to
1.0L H;0. 0.2 M Sodium phosphate buffer was prepared by adding 28.4 g sodium
phosphate (Na;PQOs) (SigmaAldrich, 342483) debased to 1.0L H,0. Staining buffer was
prepared by adding 370 mL of 0.1 M citric acid buffer, 630 mL of Na,PO4 buffer, 372 mg
1 mM Ethylenediaminetetraacetic acid (EDTA) disodium (SigmaAldrich, E7889) and 8.77
g 0.15 M NacCl (SigmaAldrich, 59222C). This was stirred for 6 hours using a stirrer plate
to ensure complete dissolution of EDTA. pH was adjusted to 6.0 using sodium hydroxide

(NaOH) (ThermoFisher, 10306323) pellets.

Acridine orange (AO) staining solution was prepared by adding 600 ul of AO stock
solution to 100 mL of staining buffer. The AO staining solution was kept in amber glass
vials for a maximum of two weeks. The AO equilibration buffer was prepared by
combining 400 pl acid-detergent solution with 1.2 mL AO staining solution. TNE buffer
(10x) was prepared by adding 9.48 g Tris-HCl (Roche, 10812846001), 52.6 g NaCl
(SigmaAldrich, 59222C) and 2.23 g disodium EDTA (SigmaAldrich, E7889) to 600 mL
ddH;0. pH of 10x TNE buffer was adjusted to 7.4 using 2N NaOH (ThermoFisher,
11963233). 1x TNE buffer (working solution) was prepared by adding 60 mL of 10x TNE

and 540 mL of ddH20. pH of 1x TNE was adjusted to 7.4.
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2.5.3. AOFT Staining Protocol (Chapters 5-7)

Prior to testing, semen samples were thawed at room temperature for 15 to 30 minutes.
Sperm concentration was assessed using the haemocytometer with improved Neubauer
ruling.

The semen sample were diluted to a concentration of 1-2 x 10° cells/mL with TNE buffer
for a total volume of 200 plin a 12x75 mm conical test tube. 400 pl of the acid-detergent
was added and the stopwatch started. Exactly 30 seconds later, 1.2 mL of AO staining
solution was added to the semen sample. The sample tube was placed into the flow
cytometer sample chamber and the sample flow was measured after placing it in the
sample holder. The sperm flow rate was checked to be <250 cells/sec. If the flow rate
was higher, a new sample was prepared. Samples were measured in triplicates and an
average taken. The flow cytometer was set to perform a sip rinse with ddH,0 between
samples and a sip clean involving FACSclean solution (BD Biosciences, 660322) was done

at the end of testing.

2.5.4. AOFT Flow cytometry Quality Controls (Chapters 5-7)

Three quality control checks were performed during each testing cycle. The first quality
control check was to track the performance of the flow cytometer lasers using BD™ CS&T
RUO calibration beads (BDBiosciences, 661414). The second quality control check was
made using reference samples of known sperm DNA fragmentation levels (refer to
section 2.5.1.). AOFT was performed on these samples of known reference ranges, for
analysis of reagents. Up to 5% coefficient of variation difference between samples was
considered acceptable. The third QC involved the addition of 5 pl 30% H.0;
(SigmaAldrich, 8222871000) to a semen sample that had sperm DNA damage levels
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assessed during that day (Figure 18). The sample was incubated for 1 hour at 50°C and

an increase in sperm DNA fragmentation levels should have been observed (Figure 18).
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Figure 18: Assessment of sperm DNA damage changes following hydrogen peroxide
addition, cytogram obtained after acridine orange staining. Green (Fitc) represents
double-stranded DNA versus red (PerCP) represents single-stranded DNA. A shows a
dot plot for a control a semen sample (% DFI: 6.4 + 0.21) obtained prior to addition of 5
pl 30% H,02 and B is the dot plot for the semen sample following addition of the H,0;
(% DFI: 39.04 +5.76).

2.5.5. Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-
nick end labelling (TUNEL) assay (Chapter 5)

The APO - DIRECT Kit (BD Pharmingen, San Diego, California, 556381) was used for the

TUNEL assay. Prior to testing, samples were thawed at room temperature for 15 to 30

minutes. Sperm concentration was assessed using the haemocytometer with improved

Neubauer ruling. Sperm concentration was adjusted based on the following calculation:

2.5
(Sperm Concentration (106/mL)

x1000 = x pl

71



The required volume of semen sample was added into a 1.5 mL Eppendorf tube and
centrifuged at 600 g for 7 minutes. The supernatant was removed and 1 mL of 1X PBS
(ThermoFisher, 18912014) was added. The sample was centrifuged again at 600 g for 7

minutes and supernatant was discarded, and 1 mL of PBS was added.

2.5.6. TUNEL - Spermatozoa Positive Control (Chapter 5)

A 9.8 M H;0; stock (SigmaAldrich, 8222871000) was diluted 1:15 using 1X PBS. To a
sample, 1 mL of the diluted H,0, was added to the pellet. The tube was placed in a water
bath set at 50°C for 1 hour. Following incubation, the sample was centrifuged at 600 g
for 7 minutes. The supernatant was removed and replaced with 1 mL of PBS. The PBS
washing step was repeated twice more. The sample was centrifuged for 7 minutes at

600 g and supernatant discarded.

2.5.7. TUNEL - Internal Control and Kit Control Samples (Chapter 5)

The negative (BD Pharmingen, 6553LZ) and positive kit (BD Pharmingen, 6552L7)
controls (Figure 19) were vortexed. 2 mL aliquots of the negative and positive control
cell suspensions were placed in 1.5 mL Eppendorf tubes and returned to -20°C. Two
samples of known DNA damage semen samples were centrifuged at 600 g for 7 minutes
and supernatant discarded. The positive and negative kit control cell suspensions were
centrifuged for 5 minutes at 600 g and supernatant removed. To the control and test
samples, 1.0 mL of the wash buffer provided with the kit was added and vortexed. The

control and test samples were centrifuged at 600 g for 7 minutes. This wash buffer step
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was repeated, and following centrifugation, the supernatant was again discarded. The
tubes were labelled accordingly.
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Figure 19. Negative and Positive Controls. Results for negative (A) and positive (B)

control cells. The presence of DNA damage is indicated by the increased fluorescence in
the M2 gate.

2.5.8. TUNEL Staining protocol (Chapter 5)

The appropriate volume of stain was prepared using the volumes indicated in Table 4.

The preparation of stain and all subsequent steps were carried out in the dark. The stain
was kept at 4°C until used.
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Table 4. Preparation of staining solution.

Staining solution 1 assay
Reaction buffer 10 ul
TdT enzyme 0.75 ul
FITC-dUTP 8.00 pl
ddH20 32.25 pl
Total Volume 51.00 ul

The pellets from the test samples and control samples were resuspended in 50 ul of
staining solution. The samples were covered with aluminium foil and incubated in
staining solution for 60 minutes at 37°C in a water bath. At the end of incubation time,
1 mL of Rinse buffer was added to each tube and centrifuged at 600 g for 7 minutes. The
supernatant was discarded. The cell rinsing was repeated, and supernatant was
discarded again. The pellet was resuspended in 0.5 mL of PI/RNase staining buffer. The

cells were incubated in the dark for 30 minutes and then analysed with flow cytometry.

2.6. Flow cytometry (Chapters 5-7)

Flow cytometry analysis was done using BD Accuri C6 Plus flow cytometer and BD Accuri
C6 Plus flow cytometer with CSampler Plus attachment flow cytometer (BD Biosciences,
Wokingham, Berkshire, United Kingdom). The BD Accuri software was used for plot
generation (BD Accuri C6 Software v.1.34.1). The settings were set at ‘slow’ flow rate of

<100 cells per seconds.
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2.6.1. AOFT flow cytometer gating (Chapters 5-7)

The AOFT measures the %DNA fragmentation index (DFI) and the %High DNA stainability
(sperm exhibiting high DNA stainability have higher histone number). For measurement
of % DFI, an AO-stained sample was placed in the flow cytometer. The first cytogram
consisted of an elliptical gate on the forward scatter vs side scatter plot, set to exclude
debris. The second cytogram had a hinge gate set at a 45-degree angle with the bottom
left hinge set to preclude the tailing debris beneath the main sperm population. The %
DFIl was measured by calculating the number of sperm in the H3-3 hinge region divided
by the sum of sperm in H3-1 and H3-3 hinge region of Figure 20.B. The %High DNA
stainability (HDS) represents the fraction of sperm that have increased levels of green
fluorescence, reflecting a higher ratio of histones to protamines. The %HDS was
measured by dividing the number of sperm that have higher green fluorescence (R1) by

the number of sperm in P2 region of Figure 20.C.
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Figure 20. AOFT cytograms for measuring sperm DNA damage levels. (A) Forward
scatter (FSC) vs side scatter (SSC) dot plot. The region E4 is established to exclude debris
and larger cells. (B) PerCP (red) vs FITC (green) dot plot. Acridine orange (AO) emits a
red fluorescence when bound to single stranded DNA and green when bound to double
stranded DNA. The percentage of spermatozoa in region H3-3 relative to the total sperm
population (regions H3-1 and H3-3) correspond to the % DNA fragmentation index. (C)
PerCP (red) vs FITC (green) dot plot. The percentage of sperm in R1 relative to the total

number of sperm in P2 correspond to % high DNA stainability.
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2.6.2. TUNEL Flow Cytometer gating (Chapter 5)

The TUNEL assay measures the sperm DNA damage levels using the APO-Direct Kit
(Pharmingen). For measurement of % DFI, a forward scatter versus side scatter plot was
generated and a gate was set around the sperm cells to exclude any debris. A second
dot plot of Pl vs FITC was then generated, and a gate was set around the Pl positive cells,
allowing further exclusion of any debris material or apoptotic bodies. A final dot plot of
FITC vs PE was generated, and quadrant gates were set, with the upper quadrant as

shown in Figure 21 representing the % of sperm that are Pl and TUNEL positive cells

(Sharma et al., 2021).

Gate: (E1 in (P1 in all

R g

wt W5 B

PE-A

wl W w3

Q3-LR

0.0%

T TR TV T

o T B R I I
FITC-A

Figure 21. FITC (green) vs PE (red) dot plot, where TUNEL - positive cells are calculated.
The percentage of sperm cells which are Pl and TUNEL positive are revealed in the upper

right quadrant (Q3-UR).
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2.7. Sperm Preparation

2.7.1. Microfluidic Sperm Separation (Chapter 6)

The ZyMot™ Multi (850pl) sperm separation device (DxNow, Inc. ZMH0850) was used
for microfluidics chip-based sperm separation (MCSS). A 1 mL Luer-tip syringe was used
to gently draw 850ul aliquot of the semen sample. The syringe was then gently inserted
in the inlet port (Figure 22), the sample was then slowly injected in the device. Using a
fresh 1 mL syringe, 750 ul of porcine gamete medium (Yoshioka et al., 2008) was ejected
into the surface of the upper membrane. Using the tip of the syringe, the media was
manipulated to cover all the edges of the upper chamber. The device was covered with
a Petri dish lid and left at room temperature. After 30 minutes, a 1 mL syringe was
inserted into the outlet port and 500 pl was gently aspirated and placed in a 1.5 mL

Eppendorf tube.
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Figure 22. Schematic diagram of the ZyMot™ Multi sperm separation device (Image
modified from ZyMot Fertility, 2019). A sperm sample is injected in the inlet port, and
after an incubation time of 30 minutes, sperm is extracted from the outlet port (the

green sperm represent morphologically abnormal spermatozoa).
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2.7.2. Density Gradient Centrifugation (Chapter 6)

The BoviPure™ System (Nidacon, BP-100) was used for separating sperm by density
gradient centrifugation. 2 mL of 80% diluted BoviPure™ (prepared by adding 8 mL of
BoviPure™ and 2 mL of BoviDilute™) was transferred to a 15 mL conical centrifuge tube.
2 mL of 40% BoviPure™ (prepared by adding 4 mL of BoviPure™ and 6 mL of BoviDilute™)
was carefully layered on top of the 80% diluted BoviPure™. 2 mL of semen was carefully
layered on top, ensuring that the layers were not disrupted. The tube was centrifuged
at 300 g for 30 minutes at room temperature. The supernatant was then removed, and

the pellet was resuspended in 1 mL BoviWash™ in a 15 mL conical tube.

2.8. Semen Analysis

2.8.1. Boar sperm - computer assisted semen analysis (for Chapters 6 -7)

The iSperm® computer assisted semen analysis (Aidmics Biotechnology Co. Ltd, Taipei
City 10647, Taiwan) was set up according to the manufacturer’s guidelines for boar
semen. 7.5 ul of semen was pipetted onto the surface of an iSperm® base chip. A cover
chip was used to lock the base chip and then the locked chip was inserted in the heated
chamber attached to the iPad camera and analysed. For each sample, two replicates
were taken. The concentration and kinetic parameters were recorded: progressive
motility, total motility, average path velocity, straight line velocity, curvilinear velocity,

straightness, and linearity (Figure 23).
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Figure 23. Sperm kinetic parameters measured by the iSperm® computer assisted semen
analysis. The straight-line velocity (VSL) is the time-average velocity of a sperm head
along the straight line between its first and last detected positions. Curvilinear velocity
(VCL) is the average velocity measured over the actual point-to-point track followed by
the cell. The average path velocity (VAP) measures the sperm head along its spatial

average trajectory.

2.8.2. Human sperm - computer assisted semen analysis (Chapter 7)

Automated semen analysis (LensHooke® X1 PRO [X1 PRO], Bonraybio, Taichung, Taiwan)
was used for further evaluation of human sperm kinetics (Agarwal et al., 2021). 40 pul of
semen samples was loaded into the semen test cassettes and inserted into the
Lenshooke® test unit. Duplicate measurements were taken. Results were automatically

generated.

2.8.3. Human sperm - basic semen analysis (Chapter 7)

The samples were prepared for testing within 30 minutes after collection. Sperm

concentration and vitality were performed according to WHO 6™ edition criteria via the
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manual method (World Health Organization, 2021). Sperm motility was performed
according to WHO 5™ edition criteria via the manual method using a heated stage set at

37 °C (World Health Organization, 2010).

Sperm motility was assessed by placing 2 x 10 ul drops of semen on opposite sides of a
microscope slide and covered using 22 mm by 22mm coverslips. A positive displacement
pipette was used to handle human semen. Sperm motility was assessed using a x 40
phase objective (x 400 total magnification) and % progressively motility, % non-
progressive motility and % immotile was recorded using an appropriately labelled blood
cell counter. 200 sperm cells were counted in each semen drop, and the average of the
replicate results were compared to the acceptable differences criteria (if not, another
200 sperm cells were counted using a freshly prepared slide and a third count

performed), as shown in Table 5.

Vitality was assessed using 0.5% Eosin Y in 0.9% Sodium chloride (Gurr, 34197). 5 ul of
semen was mixed with 5 ul of the dye on a slide. A 22 mm by 22 mm coverslip was
appropriately placed and examined under a bright field microscope. Colourless cells
were counted as viable while pink stained cells were counted as non-vital. 200 sperm
cells were counted. Another slide for vitality was done to count another 200 sperm cells
and the average was taken to be compared to the acceptability criteria indicated in WHO
laboratory manual for the examination and processing of human semen, 2021 (if not,
another 200 sperm cells were counted using a freshly prepared slide and a third count

performed).
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Table 5. Acceptable differences between two replicates counts of 200 sperm and their

average (based on 95% confidence interval). Table taken from the 5™ Edition WHO

Manual (World Health Organization, 2010).

Average (%) Acceptable difference

1 2
2-3 3
4-6 4
7-9 5
10-13 6
14-19 7
20-27 8
28-44 9

45-55 10
56-72 9
73-80 8
81-86 7
87-90 6
91-93 5
94-96 4
97-98 3
99 2

An initial subjective observation during motility assessment was done for initial

examination of count to aid in determining the correct dilution factor for sperm

concentration. Sperm concentration was calculated using the improved Neubauer
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chamber. Appropriate dilution was performed based on the number of sperm cells in
the field of view. Dilution was done using a fixative containing 0.6 M sodium bicarbonate
and 0.14 M formalin. Following dilution, 10 ul of the mixed diluted samples was loaded
into each of the counting chambers and placed in a Petri dish containing moist paper for
5 minutes. After this, sperm was counted using a x 40 phase objective (x 400 total
magnification). Pinheads or sperm heads only were not counted (but presence was
reported). A minimum of 200 sperm cells were counted in a known number of large
squares in each of the two hemocytometer chambers. The sum and difference of the
chamber counts were calculated. The results were checked to ensure they are within
the83abptable range of difference between the replicate counts shown in Table 6 (if

not, another 200 sperm cells were counted, and a third count performed).

Table 6. Acceptable difference between two replicate counts for a given sum (World

Health Organization, 2021).

sum Diference: Sum Difence:
144-156 24 | 3290-346 | 36
157-169 25 347-366 37
170-182 26 | 367-385 | 38
183-196 27 386-406 39
197-211 28 407-426 | 40
212-226 29 427-448 41
227-242 30 449-470 | 42
243-258 31 471-492 43
259-274 32 493-515 | 44
275-292 33 516-538 45
293-309 34 539-562 | 46
310-328 35 563-587 | 47
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2.8.4. Boar Sperm Vitality and Acrosome Reactivity (Chapters 6-7)

Sperm vitality and acrosome reactivity was assessed using staining solution consisting
of 1.5 uM Propidium lodide and 1 pg/mL fluorescein isothiocyanate-labelled peanut
agglutinin in phosphate-buffered saline (Robles & Martinez-Pastor, 2013). 500 pl of
staining solution was pipetted into a flow cytometer tube. The sperm was diluted in the
staining solution to achieve a concentration of 1-2 x 108 sperm cells/mL. The sample was
incubated in the dark for 15 minutes at room temperature. The sample was then
analysed using the flow cytometer. Positive control samples were placed in dry ice for 1
hour before staining (Figure 24). Following staining, the positive control should have
shown that >90% of sperm is dead and acrosome reacted (if not, another staining

solution would be prepared).

84



Pl+
PNA-

PI-
PNA-

Pl+
PNA-

PI-
PNA-

ADZ2TLR Run 1
2, SFAle IRl in E2)

PerCP-A

A06 TLR.PC.Plpna

Pl+
PNA+

PI-
PNA+

Pl+
PNA+

PI-
PNA+

Figure 24. Flow cytometric analysis of boar sperm labelled with FITC-PI/PNA. In (A) the

upper right quadrant represents dead acrosome-reacted sperm, the upper left quadrant

represents viable acrosome-reacted sperm, the lower right quadrant represents dead

acrosome-intact sperm and the lower left quadrant represents viable acrosome-intact

sperm. (B) is a cytogram of a positive control for the FITC-PI/PNA labelling. >90% of

sperm are dead acrosome-reacted after being placed in dry ice for one hour.

2.9. Imaging and irradiation protocol (Chapter 7)

Imaging and irradiation of sperm and oocytes was performed by the Optics Group at

University of Kent. The optical system used for this study was a Swept Source Optical
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Coherence Tomography (SSOCT) setup designed for embryo imaging, in which the
sample arm was contained in a sealed imaging probe (IP) for integration into an

incubator.

The goal of the irradiation setup was to mimic OCT scanning patterns, but without
performing any imaging. In the irradiation setup, a superluminescent diode (Superlum
MOPA) with an emission centered at 1077.9 nm and a full width at half maximum
(FWHM) bandwidth of ~20 nm was used. Light from the source was directly injected into

the imaging box via fibre and directed towards the sample.

The irradiation protocol for boar semen samples was designed to mimic the operation
of a point scanning OCT system, with 3 different scanning protocols, referred to as
protocol A, B and C. Protocols A and B simulated the scanning pattern of a raster (zig-
zag pattern) scanning OCT system. In protocol A, the time for scan the entire field of
view was kept unchanged by the overall time of acquisition was varied from 20 to 60
seconds. In protocol B, the total time was kept at 60 seconds, but sampling density was
changed. The total irradiation dose received by the sample was kept unchanged,
however, the instantaneous energy absorption increased with higher sampling density
as the beam moved over a given area at a slower pace. Protocol C simulated different
OCT scanning protocols that are commonly used for functional characterization of
dynamic samples and is termed OCT angiography (OCT-A). In OCT-A, the rapid
galvanometric scanners scan the same line multiple times before the slow scanner steps
discreetly to the next position.

The irradiation protocol for human semen samples was performed with a constant

300%x300 sampling density and 60 seconds exposure time. The semen samples were
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separated into three groups: 0 mW, 3 mW power and 20 mW power at 1055 nm. Power

values were measured with a power meter (Thorlabs).

2.10. Statistical Analysis

Statistical analysis was performed using the SPSS 28.0 software (SPSS Inc., Chicago, IL,
USA), unless stated otherwise. For all statistical comparisons, significance was

considered as p-value < 0.05.

2.10.1. Chapter 3 Statistical analysis

The general outcome for the survey was to understand the urologist perception and
understanding of advanced sperm analysis specifically SDF testing. Further analysis was
done to understand the difference (if any) among the perception of urologists practicing
in different geographical regions on the use of conventional and advanced semen

analysis testing.

The responses for Likert scale questions were converted into numerical variables with a
total score to calculate the mean and the standard deviations. The quantitative data
were tested using Anova and Chi-Square tests. The Kolmogorov-Smirnov test was used
to assess normality. Considering that the data was not normally distributed, Spearman
Rank correlations were calculated. Groups were compared using the Kruskal-Wallis test.
The Chi-square test was used for analyzing the distribution of categorical variables.
Group pairings test was conducted using the Bonferroni correction adjusted

significance.
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2.10.2. Chapter 4 Statistical analysis

The Kolmogorov-Smirnov test was used to assess normality. Correlations were assessed
using the Spearman correlation tests reported as r and p values. R? denotes co-efficient
of determination determined by linear regression models. Since the data was not
normally distributed (using the Kolmogorov-Smirnov test), groups were compared using
the Kruskal-Wallis test. The Chi-square test was used for analyzing the distribution of
categorical variables. The group pairings test was conducted using the Bonferroni
correction adjusted significance.

Samples were allocated into different groups according to whether they fell within or
outside acceptable threshold limits (ORP: <1.34 mV/10® sperm/mL; ROS: <13.8
RLU/sec/10° sperm/mL). Samples were grouped as follows: group 1 (low ORP and low
ROS); group 2 (low ORP and high ROS); group 3 (high ORP and low ROS) and group 4

(high ORP and high ROS).

2.10.3. Chapter 5 Statistical analysis

Validation of sperm DNA damage testing involved 3 categories (1) the analysis of sperm
DNA damage variation between SCSA diagnostics and University of Kent, (2) the intra
and inter-operator variability of sperm DNA damage testing and (3) the comparison
between two different sperm DNA damage techniques (acridine-orange based flow
cytometric testing vs terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate-nick end labelling — TUNEL). The variability for the 3 categories was
assessed by calculating the coefficient of variation. Bland-Altman plots were created

using DATAtab (Graz, Austria) to compare the differences from the mean and from
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upper and lower limits of acceptability. Test of normality were measured using the

Shapiro-Wilk test.

2.10.4. Chapter 6 Statistical analysis

Statistical analysis was performed to evaluate the difference between two different
sperm separation techniques: microfluidics sperm separation and density gradient
centrifugation. The Kolmogorov-Smirnov test was used to assess normality and groups

were compared using the Kruskal-Wallis test.

2.10.5. Chapter 7 Statistical analysis

Statistical analysis was performed to evaluate whether irradiated samples (at different
imaging protocols) showed significant differences between their matched manipulation
control. The Kolmogorov-Smirnov test was used to assess normality and groups were

compared using the Kruskal-Wallis test.

89



3. Chapter 3. Urologist perception of advanced semen analysis

testing to diagnose and manage subfertility

3.1. Introduction

Male factor subfertility has been widely recognised to influence assisted reproduction
technology (ART) outcome (Sharma et al., 2015; Tandara et al., 2014; Zheng et al., 2018)
and is solely responsible for about 20% of infertility cases and an additional 30% to 40%
as a contributing cause (Hull et al., 1985). Males typically undergo a routine semen
analysis consisting of assessing sperm morphology, motility and concentration,
however, this is a minimum contributor for assessing male related subfertility relative

to female pathology assessment (Krausz et al., 2015).

One parameter that is not examined in a standard semen analysis is the degree of sperm
DNA fragmentation (SDF). However, sperm DNA quality is increasingly understood to be
a key factor in fertilisation success (Ribas-Maynou & Benet, 2019; Zheng et al., 2018;
Zhu et al., 2022). In particular sperm exhibiting above threshold levels of sperm DNA
fragmentation (SDF) have a reduced ability to fertilise the oocyte, negatively influencing
ART outcomes (Gonzalez-Marin et al., 2012; Le et al., 2019). SDF in the form of double-
strand breaks have been linked to higher implantation failures during ICSI cycles and
may represent lethal alterations during early-stage embryogenesis. Both the paternal
and maternal pronucleus remain separated at this stage and DNA repair is limited (Ribas-

Maynou & Benet, 2019).
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Various techniques that use different technologies to identify and quantify sperm DNA
damage are available (Figure 25), the most common being the Terminal
deoxynucleotidyl transferase dUTP nick end 9labelling (TUNEL) assay and sperm
chromatin structure assay (SCSA) (Baskaran et al., 2019). Other tests include sperm

Comet assay, sperm chromatin dispersion test (SCD) and acridine orange test.

The TUNEL assay measures the extent of single and double strand breaks by using
terminal deoxynucleotidyl transferase which catalyses the addition of fluoresceinated-
dUTP to 3’-OH ends of DNA fragments (Mitchell et al., 2011; Sharma et al., 2021). The
SCSA and Acridine Orange test measure the susceptibility of DNA to damage, as induced
by acid denaturation, which is then quantified using the metachromatic dye acridine
orange. Acridine orange emits red fluorescence when bound to single stranded DNA and
emits green fluorescence when bound to double stranded (non-denatured) DNA regions
(Evenson, 2022). The SCD assay assesses the dispersion of the central core and
peripheral halo following denaturation (Fernandez et al., 2003). The DNA breaks causes
expansion of the halo which is observed using fluorescence/bright field microscopy. The
Comet assay assess the DNA migration using electrophoresis following lysis of the sperm
membrane and can be performed under neutral or alkaline conditions (Simon & Carrell,

2013).
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Figure 25. Schematic representation of the abilities of different sperm DNA damage
tests in detecting sperm DNA damage (Ward, 2017). A) sperm DNA is condensed into
protamine-bound toroids that are anchored by nuclease sensitive linkers to the nuclear
matrix. B) TUNEL assay accesses the linker regions but not the protomine toroid
structures. C) SCSA and AO accesses most part of the sperm chromatin to stain double
strand DNA green and single stranded DNA red. D) Comet assay assesses the toroid free

DNA.

Despite the benefits of offering SDF tests, it is not routinely presented to the patients
due to the cost of tests and limited centres offering SDF services. However, despite the
perceived cost of screening for sperm DNA damage, it can ultimately reduce the overall
expense and time to pregnancy for ART patients as initial screening for sperm DNA
damage can help in patient management (Figure 26) and may help root early on the

cause of subfertility (O’Neill et al., 2018).
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Figure 26. Flow chart showing a treatment algorithm based on sperm DNA damage

results. Adapted and modified from (O’Neill et al., 2018).

3.2. Aims

A survey was conducted to analyse the perception of urologists practicing in different
geographical regions towards SDF testing, to further understand their knowledge and
understanding of sperm DNA damage and other available test. Urologists were chosen
as the survey population as they specialize in diagnosing and treating disorders of the
male reproductive system. While obstetrician-gynecologists are typically the first
healthcare providers that evaluate couples for infertility, urologists play a key role in

thoroughly assessing the male partner and identifying contributors to subfertility or
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infertility specifically in men. A special emphasis on the United Kingdom (UK) was
present in the analysis of the survey to gauge the understanding of and demand for

sperm DNA damage screening in the UK.
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3.3. Results

Between 13™ October 2020 and 1t December 2021, a total of 117 urologists completed

the survey. Demographic details are summarised in Table 7. One of the respondents

was removed from the geographical location sub-analysis due to practicing in two

different geographical regions. There is a subdivision of Europe to include the United

Kingdom. The majority of participants were from Europe, followed by Asia and North

America.

Table 7. Classification of survey participants according to geographical origin and

practice settings.

Continent n (N=117) %
Asia 40 34
Europe 56 48
United Kingdom 24 21
North America 14 12
South America & Africa 6 5
Mixed continents 1 1
Type of hospital/institution n (N=117) %
Government-run/public health urology clinic 19 16
Private urology clinic 24 21
Government-run/public health andrology clinic 12 10
Private andrology clinic 14 12
Mixture of public and private practices 48 41
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3.3.1. Section A: Use of semen analysis in your practice

The first questions asked why urologists consider a semen analysis to be important (see
Appendix Section). The survey was limited to urologists as they specialise in the
reproductive system and could provide richer insights on sperm tests, specifically,
advanced sperm tests. Respondents were given a choice of 7 options (of which multiple
could be selected): indicator of obstruction of the male reproductive tract, indicator of
male accessory gland dysfunction, indicator of testicular dysfunction, indicator of
infection/inflammation, indicator of immunological infertility, indicator of toxin
exposure and indicator of genetic infertility. A free-text “other” option was also
available. Indication of obstruction of the male reproductive tract and indicator of
testicular dysfunction were most frequently selected by the survey respondents,
followed by indicator of male accessory gland dysfunction and indicator of
infection/inflammation (Table 8). In general, there was no major difference between
geographic regions in the main reasons urologists refer patients for semen analysis,
apart from (i) indicator of infection/inflammation and (ii) indicator of genetic infertility.
Post hoc analysis (Tukey honestly significant difference test) revealed that urologists
practicing in Asia and North America selected semen analysis as an indicator of
infection/inflammation significantly less than the urologists practicing in South America
& Africa. Urologists practicing in Asia and South America & Africa selected semen
analysis as an indicator of genetic infertility significantly less than the urologists
practicing in North America. For the free text options, two survey participants said that
a semen analysis is also a marker for prostatitis and one survey participant wrote that a
semen analysis is important for investigation of pretesticular and testicular causes of
infertility.
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Table 8. Significance of a semen analysis according to the respondents. Anova testing was

used for statistical comparison between geographical regions.

Europe
South
Total | Asia N =56 North
Significance of semen America
N-= N= United | America p
analysis & Africa
116 40 All | Kingdom | N=14
N=6
N=24
'"d'ca::;rt:‘;‘:::;”“'°" 93% 90% 97%  96% 93% 83%
1 4 2 1 '
reproductive tract (108) - (36) (54) (23) (13) ()
':gc'zzz:;‘;lr::lle 74%  73% 79%  75% 57% 83% o
S (86) (29 (44) (1) (8) (5)
Indicator of testicular 92% 93% 95% 95.8% 86% 83% 59
dysfunction (107) (37) (53) (23) (12) (5) '
Indicator of 71% 58% 80% 75% 57% 100% 02
infection/inflammation (82) (23) (45) (18) (8) (6) —
in:':l"f:;rg‘i’:al 52% 43% 57%  50% 50% 67%
infertility (60) (17)  (32) (12) (7) (4)
Indicator of toxin 28% 30% 23% 21% 29% 50% 55
exposure (32) (22) (13) (5) (4) (3) '
Indicator of genetic 48% 30% 55% 71% 79% 33% 01
infertility (56) (12) (31) (17) (11) (2) —
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The second question asked what the respondents consider relevant parameters in a
semen analysis. For this question a four-point Likert scale was used ranging from “very
relevant” to “not at all relevant”. Of the presented semen analysis parameters (motility,
morphology, appearance, pH, volume, antibodies, leukocytes, round cells and vitality),
motility followed by morphology, volume and vitality were selected as overall the most
relevant parameters (Table 9). No parameters were selected as being not at all relevant.
Respondents practicing in Europe and North America selected round cells (leukocytes
or immature germ cells) to be slightly relevant parameters when conducting a semen

analysis.
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Table 9. Mean and standard error of Likert scale scores on different semen
parameters across the different geographical areas. Chi-square tests were used for
comparison between the different regions. Different colours represent different Likert

scale parameters.

Very Moderately Slightly Not at all
Relevant Relevant Relevant Relevant

Europe South
United North | America &
Asia All Kingdom | America Africa All p
Motility .6
Morphology® .02
Appearance .051
pH .09
Volume™ .04
Antibodies*** .008
Leukocytes .07
Round Cells 27
Vitality .037

* South America & Africa was significantly different to Europe (All), United Kingdom and
North America.

** South America & Africa was significantly different to Europe (All).

*** North America was significantly different to Asia and South America & Africa.
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3.3.2. Section B: Types of follow up tests in your practice

When asked if the respondents refer any patients for additional follow-up tests, sperm
DNA fragmentation testing was the most popular follow-up test, with approximately
35% of respondents making 26+ referrals per year for this test (Table 10). Sperm
oxidative damage testing and sperm aneuploidy testing were equally offered by 21% of
the urologists that commonly make 1-5 referrals per year of these tests. Sperm
Aneuploidy testing is most popular in South America and Africa, followed by Europe.
Semen oxidative stress testing is most popular in Asia while sperm DNA fragmentation

is most popular in South America and Africa followed by North America.
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Table 10. Referral frequency of advanced semen testing conducted by the urologists.

Anova testing was used for statistical comparison between geographical regions.

All
Europe South P
North
Asia (%) America
America
& Africa
(%)
United (%)
All (%)
Kingdom
Sperm Offer | 20.5 | 25.5 17.4 7.1 25 21 .8
Aneuploidy test
Testing
1-5 25 53.8 75 0 0 38
6-10 | 12.5 154 25 0 50 17
11-25 | 37.5 7.7 0 0 50 21
26+ 25 23.1 0 0 0 21
Sperm DNA Offer | 68.4 | 67.3 58.3 71.4 75 67 | 98
fragmentation | test
testing
1-5 23.1 31.4 53.6 111 16.7 23
6-10 | 26.9 114 14.3 11.1 0 16
11-25 | 231 25.7 21.4 33.3 16.7 25
26+ 26.9 31.4 28.6 44.4 66.7 35
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Sperm Offer | 25.6 | 21.6 21.7 21.4 125 21 | 95
oxidative test
damage
1-5 40 63.6 60 0 100 46
testing
6-10 30 0 0 0 0 13
11-25 0 9.1 0 66.7 0 13
26+ 30 27.3 40 33.3 0 29

When asked for the reasons as to why the urologists do not offer sperm aneuploid
testing, 37% said that it is due to unfamiliarity to the test, 24% said that they would use
the test if it is more readily available, 12% said they would use the test but it is not cost
effective and 11% said that they are unaware that this test is available. When asked for
the reasons as to why the urologists do not offer sperm DNA fragmentation testing, 26%
said that it is due to unfamiliarity to the test, 26% said they would use the test if it were
more readily available, 18% said the test is never useful/not medically informative and
16% said that they would use the test but it is not cost effective. When asked for the
reasons as to why the urologists do not offer sperm oxidative damage testing, 31% said
they are unfamiliar with the test, 31% said they would offer the test if it were more
readily available, 14% said that the test is never useful/is not medically informative and

12% said they would use this test but it is not cost effective.

In the United Kingdom, when asked for the reasons as to why the urologists do not offer
sperm aneuploid testing, 26% said due to unfamiliarity, 16% said they were unaware of

the test being available and 16% said it is not appropriate for their patients. When asked
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for the reasons as to why the urologists in the UK do not offer sperm DNA fragmentation
testing, 30% said they would use it if the test was more readily available, and 20% said
they would refer patients for sperm DNA fragmentation testing if it were more cost
effective. When asked the reasons as to why the urologists did not offer sperm oxidative
damage testing, 28% said they would if the test was more readily available, 22% claimed
they were unfamiliar with the test and 17% said that that the test is never useful/is not

medically informative.

3.3.3. Section C: Which sperm test are most useful to you and why?

When asked which types of DNA damage are most important to measure, a high
proportion of respondents answered ‘don’t know’ for the different types of DNA
damage presented in the survey: 35% for double strand breaks, 40% for single strand
breaks, 44% for oxidised bases, 59% for adducts and 57% for abasic sites. The rest of the
respondents stated that double stand breaks and single strand breaks are moderately
relevant parameters to measure, while oxidised bases, adducts and abasic sites are only
slightly relevant to measure (when looking at the total data) (Table 11). Double strand
breaks were voted as the most significant DNA damage type to measure across all

regions.
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Table 11. Mean and standard error of Likert scale scores on the respondents
perception of different types of sperm DNA damage across the different

geographical areas.

Europe South
North
Asia - America All p
United | America
All & Africa
Kingdom
Double
Strand .65
Breaks
Single
Strand 44
Breaks
Oxidised 08
Bases
Adducts .57
A.ba5|c o5
sites

Very Slightly

Moderately Not at all
Relevant Relevant Relevant Relevant
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When asked which sperm DNA damage assays the respondents use, the sperm
chromatin structure assay was most popular, followed by TUNEL and sperm chromatin

dispersion assay (Figure 27).

All Continents Asia Europe

u:

North America South America & Africa  United Kingdom

-~

m SCSA m Acridine Orange Test m TUNEL

SCD/Halosperm B SpermComet

Figure 27. Pie charts depicting the percentage of the different sperm DNA damage

tests conducted at the different geographical regions.

When asked if it will be useful to provide a “suite” of different DNA fragmentation tests,
interestingly 59% said it will be useful. In the UK, 47.8% of respondents said it would be

useful to provide a range of DNA fragmentation tests.
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3.4. Discussion

To the best of our knowledge, this study is the first survey that focuses solely on the
urologists perception and understanding of advanced sperm testing. Data from this
survey provides a representative picture of the opinions and current practices of
urologists across diverse global regions on their view of advanced semen analysis testing
to diagnose and manage subfertility. Regarding the demographics of our survey
respondents, 48% were from Europe, 34% from Asia, 12% from North America and 5%
from South America and Africa. The survey respondents have reasonable
representativeness globally in terms of types of hospital and institution. The survey was
composed of a three-category classification incorporating questions on the use of
semen analysis in the respondents practice, types of follow-up tests used and what the
respondents recommend and use for analyzing sperm damage testing. The results
demonstrate that majority of respondents had similar responses on what they consider
relevant indicators and parameters of a semen analysis, independent of which
geographical region they practice. The most popular advanced sperm testing technique
offered by the participating urologists was SDF testing with the most popular techniques
being SCSA and TUNEL. The main reasons given by the urologists for not offering
advanced sperm testing were unfamiliarity to the tests, not readily available and not
being cost effective. The results demonstrated that despite 67% of urologists offering
sperm DNA damage testing, when asked what sperm DNA damage type is most

important to measure, a high proportion of respondents were uncertain.

In general, when looking at what urologists practicing in different regions consider

important indicators of a semen analysis, there was not a significant difference in the
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answers given. A main discrepancy was that 79% of urologists practicing in North
America consider that semen analysis may be an important indicator of genetic
infertility, while this response was much less popular among the participants practicing
in the other regions (ranging from 30% - 55%). A semen analysis of Klinefelter syndrome,
balanced reciprocal translocation, Robertsonian translocation and structural
abnormality of Y chromosome typically show moderate to severe abnormalities in
semen analysis (Kuroda et al., 2020). With around 60% of carriers of autosomal
translocations having at least one abnormal parameters in their semen analysis (Mayeur
et al., 2019). However with reports of chromosomal abnormalities accounting for only
around 5% of subfertility in males, this could be the reason that semen analysis is not
being widely associated with genetic subfertility (O’Brien et al., 2010). The most relevant
parameter in a semen analysis according to the respondents is sperm motility. Seminal
volume was considered to be moderately relevant, which is interesting since over 90%
of respondents stated that a semen analysis is an important indicator of obstruction of
male reproductive tract and this commonly correlated with a low seminal volume

(Meacham et al., 1993; Roberts & Jarvi, 2009).

When asked which types of follow-ups tests the respondents use, SDF testing was the
most popular, being offered by 68% of the respondents. The test is most popular by the
urologists practicing in North America, South America & Africa with 44% of the urologists
offering SDF testing in North America making 26+ referrals per year. SDF testing was
least popular in the UK, being offered by 58.3% of respondents. 30% of UK urologists
that are not currently offering SDF testing stated that they would offer it if the test
became more readily available while 20% stated that that the test is not cost effective.

Further reasons UK urologists provided for not offering SDF testing include test
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unfamiliarity (10%), test not being medically informative (20%), no consensus on SDF

threshold (10%).

The most popular techniques for measuring sperm DNA damage were SCSA followed by
TUNEL and SCD/Halosperm. Sperm aneuploid testing was most popular in Europe,
however, the majority of respondents that offer it only refer 1-5 cases per year. Sperm
oxidative damage testing is most popular in Asia with the majority of urologists that
offer it making 1-5 referrals per year for this test. Unfamiliarity, cost, lack of testing
availability and lack of awareness were the main reasons for the mentioned tests not

being offered to the patients.

When asked what types of sperm DNA damage are most important to analyse, a high
proportion of respondents answered ‘don’t know’. Of those that answered, single and
double strand breaks were commented as being moderately relevant to measure, while
oxidised bases, adducts and abasic sites were voted as only being slightly relevant

parameters to measure (when looking at the total replies).

A separate study revealed that SDF was the most commonly considered test for couples
opting for ART treatment, with SDF being offered by 79.6% (39/49 respondents) by the
fertility specialists (Majzoub et al., 2017). A high majority of the respondents in the study
conducted by Majzoub et al. considered SDF as an important tool in understanding the
cause of IUI, IVF and ICSI failure and in understanding the cause of recurrent pregnancy
loss. The majority of the participants in the survey acknowledged the value of SDF
testing for couples undergoing ART and this could well be due to the compelling
evidence extracted from systemic reviews and meta-analysis suggesting that SDF has a

significant impact on the ART success rate and its significant correlation with pregnancy
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loss (Ribas-Maynou et al., 2021; Robinson et al., 2012; Zhao et al., 2014; Zini & Sigman,
2009). With the emerging evidence on the links between sperm DNA damage and ART
outcomes, the sixth edition of the WHO Manual for the Laboratory Examination and
Processing of Human Semen has included SDF testing as an extended examination in the
guide to the clinical characterisation of fertile or infertile men (World Health

Organization, 2021).

However, despite many benefits of testing for sperm DNA damage, there are still
limitations when it comes to applying it routinely in a clinical setting (Mehta, 2017). As
sperm DNA damage testing are considered add-ons to the routine semen analysis
offered by fertility specialists, patients would incur extra costs for such tests. One way
of reducing the costs in clinics is to do in house sperm DNA damage testing, this could
allow for consistent and cost-effective methods to screen couples. Another limitation is
that the absence of a gold standard for measuring sperm DNA damage levels and the
optimal thresholds for the available SDF tests have yet to be determined. However,
there is reliable evidence to suggest that the common tests for measuring SDF — SCSA,
Comet, SCD and TUNEL provide reliable information on sperm DNA integrity that can

guide patient treatment pathway.

Furthermore, 59% of the respondents said that it will be useful to provide a “suite” of
different DNA fragmentation tests. The different SDF tests available have different
mechanisms for measuring sperm DNA damage levels and therefore the type of DNA

damage as measured by each assay may be complementary to each other.

Although the exact causes of the overall high sperm DNA damage levels in infertile men

relative to fertile men are not fully understood, existing evidence suggests that oxidative
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stress plays a crucial role in SDF-related infertility. There are several laboratory tests
available for measuring seminal oxidative stress levels, with prominent methods being:
(1) a luminol-based chemiluminescence assay for measurement of reactive oxygen
species and (2) oxidation-reduction potential measurement using the MiOXSYS System
(Chapter 4). Antioxidant therapy, varicocele repair and lifestyle recommendations could
help reduce the levels of oxidative stress induced sperm DNA damage and improve the

chances of reproductive success.

While this study focused on surveying urologists, future work could benefit from also
including obstetricians and gynecologists who specialize in fertility. As first-line users of
diagnostic testing, obstetricians and gynecologists could provide valuable clinical
insights into the utility and interpretation of advanced sperm tests for understanding
male factor infertility contributions. Widening the survey pool to incorporate
obstetricians and gynecologists perspectives along with urologists may enable a more
comprehensive analysis of how advanced male fertility testing is viewed across the
clinical fertility field. Additionally, comparing responses between specialties could reveal
interesting similarities or differences in knowledge, beliefs, and practices related to
advanced sperm tests. Furthermore, given the significant influence of private testing
companies and the commercial aspects of private medicine, it is essential to critically
evaluate the role of advanced sperm testing in couple management. Further research
could explore the division of subjects into private versus publicly owned institutions,
shedding light on disparities in access, cost, and the overall impact of advanced male
fertility testing on patient care and fertility outcomes. This consideration raises
important questions about the equity and effectiveness of these tests within different

healthcare systems and settings.
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3.5. Conclusion

In summary, this study sheds light on urologists' perspectives on advanced sperm
testing, highlighting areas of consensus and variation in different regions. The results
emphasize the importance of further research, standardization, and cost-effective
approaches to incorporate advanced sperm testing into routine clinical practice.
Offering a suite of complementary DNA fragmentation tests can provide valuable
insights into sperm quality and guide treatment decisions for individuals experiencing

subfertility.

111



4. Chapter 4: Analysis of two assays for measuring seminal
oxidative stress and their combinatory relationship with

semen parameters and sperm DNA damage

4.1. Introduction

Infertility is defined as the failure to achieve pregnancy following 12 months of regular
unprotected sexual intercourse (Zegers-Hochschild et al., 2017). It can be caused by
female factors, male factors or a combination of both; therefore, a thorough
investigation and management of both partners is necessary. Infertility impacts at least
48 million couples worldwide (Health, 2022) and male related factors account for
approximately 40% - 50% of these cases (Kumar & Singh, 2015). The main causes of male
infertility include endocrine imbalance, genetic abnormalities, urogenital tract infection,
varicocele and immunological conditions (Punab et al., 2017). Male factor subfertility
has been widely recognised to influence assisted reproduction technology (ART)
outcome; however, the male is still often overlooked during evaluation and treatment
of subfertility. Typical diagnosis of male factor infertility relies on a standard semen
analysis test (Nallella et al., 2006) with no further investigation, and this is a minimum
contributor for assessing male related subfertility relative to female pathology
assessment (Krausz et al., 2015). This results in a significant number of men being
labelled as having unexplained or idiopathic infertility. Males presenting with idiopathic
infertility are challenging to diagnose and manage since the root cause of abnormal
semen parameters is often not identified. Unexplained infertility is even more

challenging as semen parameters in this group of individuals are normal. Many studies
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indicate that seminal oxidative stress could be a factor in idiopathic and unexplained
male infertility (Aktan et al., 2013; Mannucci et al., 2022; Saleh & Agarwal, 2002;

Tremellen, 2008).

Seminal oxidative stress arises when there is an imbalance between free radicals and
antioxidants in semen. Free radicals are atoms or molecules that have unpaired
electrons in their outer orbit making them chemically highly reactive and unstable.
Production of free radicals are controlled by antioxidants within the system. Oxygen
derivatives of free radicals are called reactive oxygen species (ROS) and are generated
as natural by-products of cellular activity in the mitochondria where about 1-5% of the
consumed oxygen is converted into ROS (Boveris & Chance, 1973; Chance et al., 1979).
In addition, ROS can derive from exogenous sources including pollution, smoking and
drugs (Phaniendra et al.,, 2015). In the event of ROS reacting with lipids that have
numerous conjugated double-bonds, a process called lipid peroxidation (LPO) is
initiated. Ultimately, this leads to significant membrane damages with decreased
membrane fluidity and functionality (Riffo & Parraga, 1996; Sikka et al., 1995). LPO is
propagated by a so-called ‘radical chain reaction’, in which an initial free radical will
react with a double-bond in a lipid molecule to form a new lipid peroxide radical, which
can in turn react with neighbouring double-bonds, continuing the process.
Consequently, LPO can oxidise about 60% of the unsaturated fatty acids in the

membrane resulting in significant cellular injury (Kothari et al., 2010; Sies, 1993).

Due to the extraordinary high amount of polyunsaturated fatty acids in sperm plasma
membranes, the highly reduced cytoplasmic content, and consequently the low levels

of cytoplasmic antioxidant enzymes available to detoxify ROS within the cell, sperm are
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highly susceptible to damage by ROS (Henkel, 2011; Parks & Lynch, 1992). The high levels
of polyunsaturated fatty acids in the sperm plasma membrane renders the lipid bilayer
a likely target for ROS-mediated damage affecting membrane fluidity and interfering
with the acrosome reaction and sperm-oocyte binding (Collodel et al., 2020). Oxidative
damage has also been associated with reduced progressive sperm motility due to its

effect on mitochondrial function (Saleh and Agarwal 2002; Aitken 1995).

While membrane damage can be caused by both intracellular and extracellular ROS,
intracellular ROS can also cause damage to intracellular proteins and to DNA. DNA
damage by ROS arises due to the susceptibility of the aromatic nucleobases to lose an
electron (Kanvah et al., 2010). This one electron oxidation forms a radical cation, whose
charge can migrate through the double-helix, resulting in irreversible oxidative damage

at the site of cation acceptance (Peluso et al., 2019).

Spermatozoa do not have a base excision repair system post-spermiogenesis, resulting
in an inability to repair DNA (Gonzalez-Marin et al., 2012). However, sperm carrying DNA
damage can still fertilise the oocyte with some DNA damage repair happening in the
fertilised oocyte and during early embryonic development (Gonzalez-Marin et al., 2012;
Henkel et al., 2004; Musson et al., 2022). Ideally, the oocyte repairs the DNA damage
prior to the first cleavage to improve chances of reproductive success (Genesca et al.,
1992). If the sperm DNA damage exceeds the capability of the oocyte repair mechanism,
abnormal embryo development, implantation failure or natural abortion, miscarriage
(Ahmadi & Ng, 1999; Robinson et al., 2012) and increased risk of transgenerational

genomic instability in the offspring can occur (Adiga et al., 2010).

114



The role of antioxidants is to counteract oxidative stress by scavenging excess oxidants
and neutralising them to restore redox homeostasis (Figure 28.a) (He et al., 2017).
Antioxidants can be endogenous in source such as superoxide dismutase and catalase
or exogenous such as flavonoids, vitamins, and minerals. Although antioxidants are
essential to maintain redox homeostasis, excessively high levels can result in reductive
stress, a condition which is as harmful as oxidative stress (Bouayed and Bohn 2010;

Lipinsky, 2002; Castagne et al., 1999; Henkel et al., 2019; Symeonidis et al., 2021).

Intracellular and extracellular ROS can be measured with a chemiluminescence method
such the membrane-permeant luminol (5-Amino-2,3-dihydrophthalazine-1,4-dione) as
a probe (Agarwal, Gupta, et al., 2016). Hydrogen peroxide oxidises luminol, in a dose-
dependent manner, to produce the highly unstable molecule 3-aminophtalate, that
upon returning to ground state (Figure 28.b), emits light at 425 nm can be detected by
a luminometer (measured as relative light units/s/10° sperm) (Bedouhéne et al., 2017;

Benjamin et al., 2012).

A novel method of measuring oxidative stress is by determining the oxidation-reduction
potential (ORP) as a measure of the relationship between oxidants and reductants
(Figure 28.c) using the MiOXSYS analyser. Higher ORP values, present an imbalance in

the activity of oxidants to antioxidants (Agarwal, Sharma, et al., 2016).

4.2. Aims

Both the ROS and ORP measurements are valid technigques for measuring oxidative
stress levels, however, they are based on different principles. The objectives of this
study were as follows: (a) to elucidate the correlation between oxidation-reduction

potential (ORP) and reactive oxygen species (ROS), (b) to compare semen analysis
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parameters across various combinations of ORP and ROS, and (c) to assess sperm DNA

damage levels in relation to different combinations of ORP and ROS.
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Figure 28. lllustration showing (a) the generation of a free radical from a stable state,

and the return state of the stable state through electron donation from an antioxidant,
b) the chemiluminescence observed through the oxidation of luminol by oxidants and c)

an oxidation-reduction potential scale.
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4.3. Results

A total of 1278 patients were included in this study, of which ROS was tested in 1255,

ORP in 940 and SDF in 178 patients. Summary results are shown in Table 12.

Table 12. Summary statistics table.

N Minimum | Maximum | Mean | Median | SEM

DNA
fragmentation | 178 4.00 57.00 16.62 | 13.50 | 0.80
testing (%)
Age (years) |1243| 25.00 70.00 | 38.52 | 38.00 | 0.16
High DNA 98 2.00 36.00 1060 | 850 | 0.72
stainability
LeucoScreen | 629 0.00 99.00 | 20.05| 800 | 1.04
Leukocytes | ,,, 0.00 30.00 107 | 020 | 0.20
VN . . . . .
ORP (mV) 913 | -23.20 493.90 | 34.03 | 2820 | 1.15
6
ORP (MVI10° | 1hes | 568 15329 | 364 | 090 | 033
sperm/mL)
0
%o Normal 630 0.00 15.00 273 | 200 | o010
Morphology
pH 631 6.40 10.00 846 | 840 | 0.01
Progressive
Motllity (%) 695 0.00 88.00 | 50.60 | 56.00 | 0.70
Round Cells | 155 | .00 32.40 070 | 024 | 0.06
(%)
Sperm
Concentration |1243| 1.00 515.00 | 47.55 | 33.00 | 1.49
(108 sperm/mL)
Total motility | o 0.00 90.00 | 57.65 | 63.00 | 0.68
(%)
Vitality (%) 677 3.00 94.00 | 66.06 | 67.00 | 0.45
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4.3.1. Correlation between ORP and ROS

The results show a significant correlation between ROS and ORP (rs=0.33, R?=0.148,

p<0.001) (Figure 29).

ROS (log RLU/s/10° sperm)
R

ORP (log mV/108 sperm)

Figure 29. Scatter plot corresponding to the correlation between ROS (RLU/s/108 sperm)
and ORP (mV/10° sperm) (in logarithmic scale).

4.3.2. Correlation between sperm DNA damage and ORP/ROS
The results show a weak but significant correlation between ROS and DFI (rs=0.26,
R2=0.063, p=0.001), ROS and HDS (rs=0.22, R?=0.125, p=0.036) and DFl and ORP (rs=0.27,

R2=0.101, p=<0.001). There is also a significant correlation between HDS and ORP (r-

+=0.43, R?=0.231, p=<0.001).
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(c) R?=.101
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Figure 30. Scatter plots showing the linear relationships between (a) reactive oxygen
species (ROS - RLU/s/10% sperm) and sperm DNA fragmentation index (% DFI), (b)
reactive oxygen species (ROS - RLU/s/10° sperm) and immature spermatozoa (%HDS),
(c) oxidation reduction potential (ORP — mV/10° sperm) and sperm DNA fragmentation
index (% DFI), (d) oxidation reduction potential (ORP — mV/10° sperm) and immature

spermatozoa (%HDS). ROS and ORP measurements are presented in logarithmic scale.

120



4.3.3. ORP and ROS measurements for normal semen parameters

The ROS and ORP assays were both validated and verified in-house at The Doctors
Laboratory, London. The reference ranges determined by ROC analysis were <13.8
RLU/sec/10° sperm/mL (86% sensitivity; 86% specificity) for ROS and <1.4 mV/10°
sperm/mL (76.4% sensitivity; 75.9% specificity) for ORP (Homa et al., 2019). 11.9%
normozoospermic patients (patients presenting with normal sperm analysis result) had
high ROS levels, while 15.2% normozoospermic patients had high ORP levels. This
indicates that despite these patients having normal semen analysis results, they could
still present with high oxidative stress measurements. Majority of patients (82.8%) that
were oligozoospermic (patients presenting with a low sperm count) had high ORP levels,
while 42.6% of oligozoospermic patients had high ROS levels. Almost half (45.4%) of
oligozoospermic patients had high ORP but low ROS levels. The majority of
asthenozoospermic patients (patients presenting with sperm having low motility) had
high ORP (70.7%), while 38% had high ROS. 39.1% of asthenozoospermic patients had

high ORP but low ROS measurements.

Table 13. % of normozoospermic, oligozoospermic and asthenozoospermic having high
ROS (independent of ORP measurements) and high ORP (independent of ROS

measurements).

Normozoospermia Oligozoospermia Asthenozoospermia p

(n=151) (n=163) (n=92)

High ROS"  11.9% (18/151)  43.6% (71/163)  38.0% (35/92) <001
High ORP™  15.2% (23/151)  82.8% (135/163)  70.7% (65/92)  <.001

n is the number of patients.
*Significant difference between normo and oligo and between normo and astheno
**Significant difference between normo and oligo and between normo and astheno
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4.3.4. Comparison of groups that fall above/below accepted thresholds for ORP and
ROS
Samples were allocated into different groups according to whether they fell within or
outside acceptable threshold limits (ORP: <1.4 mV/10® sperm/mL; ROS: <13.8
RLU/sec/10° sperm/mL). Samples were grouped as follows: group 1 (low ORP and low
ROS); group 2 (low ORP and high ROS); group 3 (high ORP and low ROS) and group 4
(high ORP and high ROS). Table 14 shows that DFI and HDS levels are significantly higher
in group 3 and 4 compared to group 1. There was no statistically significant difference
in (p=.796) age across groups: group 1: 39.1 £ 0.7, group 2: 39.4 £ 1.5, group 3: 38.1

1.1;group 4:41.4+2.7.

Table 14. Sperm DNA fragmentation (DFI) and high DNA stainability (HDS) for the
different groups: group 1 (low ORP and low ROS); group 2 (low ORP and high ROS); group
3 (high ORP and low ROS) and group 4 (high ORP and high ROS).

Group 1 Group 2 Group 3 Group 4 p
+
ROS 2.1+0.1 1263+ 56402 236.6+394
(RLU/sec/10° 36.9 <.001

sperm/mL)* (n=522) (n=114) (n=246) (n=135)

ORP (mv/106 05%002 04%01 54%05 144%21

<.001
sperm/mL) **  (n=522)  (n=114)  (n=246)  (n=135)
+ + +
. 152%11 19522 204%21 23.1%32
DFI (%) g .002
(n=85) (n=19) (n=37) (n=15)
82+0.6 12.6+26 13.7+1.7 193%47
HDS (%)*** .003

(n=53) (n=14) (n=22) (n=6)

N is the number of patients, % is standard error of mean.

* All ROS groups were significantly different to each other, apart from groups 2 and 4.

** All ORP groups are significantly different to each other, apart from groups 1 and 2 and groups 3 and 4.
*** Significant difference between group 1 and 3, and group 1 and 4 as assessed by Kruskal Wallis test.
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4.3.5. Comparison of semen analysis parameters with different combinations of ROS
and ORP
Results in Figure 31 indicate that group 1 had the most overall best semen analysis
parameters, while group 4 had the least optimal parameters. There was no overall
significant difference in parameters between groups 2 and 3, however, group 3 had
overall poorer semen analysis results compared to group 2. Interestingly, groups 3 and
4 had a significantly lower sperm concentration compared to groups 1 and 2.
Leukocytospermia prevalence varied greatly between the groups: Group 1 - 0.4%; Group
2 —16.7%; Group 3 — 0% and Group 4 — 11.9%, p<.001, having a significant difference
between all the groups apart from between groups 2 and 4 and groups 1 and 3.
Leukocyte counts were the highest in group 2, followed by group 4, indicating that high

ROS, independent of ORP levels, could be markers for leukocytospermia.
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Figure 31. Box plots showing the variation of (A) progressive motility, (B) total motility,
(C) morphology, (D) vitality and (E) sperm concentration for the different groups: group
1 (low ORP and low ROS); group 2 (low ORP and high ROS); group 3 (high ORP and low
ROS) and group 4 (high ORP and high ROS). Box plots show the minimum, 25th, median,
75th, and maximum values. Differences between groups were investigated by the

Mann-Whitney test. Significance was considered as p-value < 0.05.
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4.4. Discussion

Seminal oxidative stress refers to an imbalance between the production of reactive
oxygen species (ROS) and antioxidant levels in the semen. The balance between ROS
and antioxidants can be analysed by taking oxidative-reductive potential (ORP)
measurements. Several studies have analysed the correlations between seminal ROS
levels and sperm parameters and between seminal ORP levels and sperm parameters
(Agarwal et al., 2016; Sikka et al., 1995; Tremellen, 2008; Vessey et al., 2014). However,
this is the first study to analyse how combinatory measurements of seminal ORP and
seminal ROS correlate to different sperm parameters. There was a significant correlation
between ORP and ROS, however, high ORP levels do not necessarily entail high ROS
levels. Interestingly, in our study, 24% of the semen samples had high ORP but low ROS
levels while 11% of the semen samples had low ORP but high ROS levels. Our
retrospective study has demonstrated that semen samples having high levels of ORP
and/or ROS levels had significantly lower sperm motility (progressive and total motility),
sperm concentration and morphologically normal spermatozoa. Additionally, high levels
of ORP and/or ROS were associated with increased levels of sperm DNA damage.
Leukocytospermia levels were correlated to seminal ROS levels and not seminal ORP
levels. Interestingly, there was a relatively high incidence rate of 16.7% of
leukocytospermia in semen samples having high ROS and low ORP seminal levels,
whereas there was a 0% leukocytospermia incidence rate when patients presented with

low ROS and high ORP seminal levels.

Simultaneous testing of ORP and ROS levels allows different aspects of the oxidising and

reducing environment to be tested. The ORP assay allows for the measurement of the
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balance between oxidising and reducing agents (Agarwal, Sharma, et al., 2016) while the
chemiluminescence assay allows for the measurement of total extracellular and
intracellular ROS (Agarwal et al., 2006). A low ORP indicates a low oxidising environment
which can help protect against oxidative damage and is therefore generally considered
more beneficial for overall sperm quality, as demonstrated by a number of studies
(Agarwal, Roychoudhury, et al., 2017; Agarwal, Sharma, et al., 2016). However, a low
ORP value do not necessarily indicate low ROS levels. Our study showed that 11%
(n=114) of semen samples had low ORP levels but high overall ROS levels. This could
result from the presence of high levels of intracellular ROS as detected by the
chemiluminescence assay that might not be detected by the MiOXYS® assays. Sources
of elevated intracellular ROS include morphologically abnormal spermatozoa that have
undergone impaired spermatogenesis, potentially resulting in incomplete removal of
excess residual cytoplasm (Aitken & West, 1990; Gil-Guzman et al., 2001). Additionally,
the presence of activated leukocytes will hold a high concentration of intracellular ROS
(Homa et al., 2015; Li et al., 2020). The ROS produced by the leukocytes might trigger an
antioxidant cascade to counterbalance the exogenous ROS, while maintaining a
relatively high concentration of intracellular ROS (Gorrini et al., 2013). Therefore, this
could explain why ORP levels does not correlate with leukocyte levels, as has been
previously observed (Arafa et al.,, 2020), while ROS levels, as has been shown in a
number of studies, are highly correlated to leukocyte levels (Aziz et al., 2004; Henkel et
al., 2005; Homa et al., 2015). Consistent with this hypothesis, in our study the group
having low ORP and high ROS levels had the highest incidence rate of leukocytospermia

at 16.7%.
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A high ORP value indicates a relatively high oxidising environment. This could be
indicative of low levels of antioxidants and/or high levels of oxidising agents. 24% of the
semen samples in this study had high ORP but low ROS levels. Interestingly, there was
an observed lower overall sperm quality for the sperm exposed to a high ORP and low
ROS environment compared to sperm exposed to a low ORP but high ROS environment,

although both environments had a negative influence on overall sperm quality.

12% of patients that had normozoospermia had high ROS while 15% of
normozoospermic patients had high ORP. Therefore, this suggests that patients
diagnosed as having unexplained infertility, could have high oxidative stress levels, that
will not be diagnosed unless these patients conduct seminal oxidative stress testing. This
would help patient treatment pathway since these patients can then benefit from

lifestyle changes to help reduce oxidative stress testing.

One major limitation of this study is that ORP and ROS were determined as being either
high or low based thresholds established in previous literature (Agarwal et al., 2015,
2019). Modifying these thresholds levels will inherently change the results.
Furthermore, it should be noted that the majority of published studies using MiOXSYS,
the method employed for ORP assessment, prominently involve Professor Ashok
Agarwal, who has affiliations with the company. This situation may potentially introduce

a conflict of interest.

Measuring seminal oxidative stress using both ROS and ORP techniques can provide
valuable information about the male fertility potential and the underlying mechanisms
of infertility. Lifestyles factors including diet, smoking and environmental exposure to

certain toxins can influence the seminal oxidative status. Therefore, upon understanding
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the underlying cause of the male infertility, can lead to appropriate interventions aimed
at reducing oxidative stress levels (if high) through dietary changes and antioxidant
supplementation. Using the appropriate intervention could improve the potential

strategy for improving sperm quality and fertility outcomes.

4.5. Conclusion

In conclusion, measuring seminal oxidative stress using both ROS and ORP techniques
can provide valuable information about male fertility potential and the underlying
mechanisms of infertility. Simultaneous testing of ORP and ROS levels allows for the
assessment of different aspects of the oxidizing and reducing environment.
Understanding the underlying cause of male infertility and implementing appropriate
interventions to reduce oxidative stress levels, such as dietary changes and antioxidant

supplementation, can improve sperm quality and fertility outcomes.
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5. Chapter 5. Validation experiments for onsite sperm DNA
damage testing (Acridine Orange based Flow-cytometric

Testing — AOFT)

5.1. Introduction

Male infertility affects around 7% of all men and is defined as the male’s inability to
make a fertile female pregnant after 12 months of unprotected intercourse (Krausz,
2011). Male fertility status is typically assessed using a standard semen analysis involving
analysis of sperm concentration, motility, morphology, volume, and pH. The
conventional semen analysis is an essential tool for the initial investigation of the male
fertility status; however, it is not a test of fertility (Vasan, 2011). It does not provide
information on the fertilizing capacity of a spermatozoon or information on the genetic
integrity of the sperm. This results in a significant proportion of male infertility cases to
remain unexplained, upon conventional assessment methods, leading to the perception
that there is no cure for male factor infertility (Turner et al., 2020). Additionally, with
the success and availability of ART and improved reproductive outcomes in cases of male
infertility, has provided the idea that a thorough male evaluation is not necessary,
reducing the male partner to a mere “sperm provider”, which disproportionately
burdens women (Mehta et al., 2016). Despite the male partner still being often
overlooked, research has very often shown that male factor infertility does have an
adverse influence on ART outcomes (Nangia et al., 2011; Zheng et al., 2018; Zini et al.,

2008).
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With increased research showing that the levels of sperm DNA damage has an influence
on ART outcomes including embryonic development and offspring health (Simon et al.,
2014; Zheng et al., 2018; Zini & Libman, 2006), sperm DNA fragmentation (SDF) testing
has emerged as an important marker for assessing male infertility status. High sperm
DNA damage has been found to be associated with lower pregnancy rates following 1UI
(Bungum et al., 2004, 2007; Chen et al., 2019; Duran et al., 2002). Therefore, with Ul
being often the first-line treatment option for many infertile couples, unknown presence
of high seminal DNA fragmentation can reduce the chances of a successful outcome
following fertility treatment. Additionally, increased levels of sperm DNA damage has
also been indicated to influence IVF outcome, with lower fertilization rates, implantation

rates and clinical pregnancy rates reported (Ribas-Maynou et al., 2021; Zhu et al., 2022).

There are several assays for measuring sperm DNA damage, and very often the term
DNA fragmentation is used to refer to any type of chromatin damage including single
and double-strand breaks. A widely used test is the sperm chromatin structure assay
(SCSA) which is based on acid denaturation of the sperm DNA at the sites of single and
double DNA strand breaks (Evenson, 2013). Another popular technique is the TUNEL
assay which uses the terminal deoxynucleotidyl transferase enzyme to label the 3’ free
ends of the DNA (Sharma et al., 2010). Both techniques allow for sperm DNA damage
levels to be measured using flow cytometers and thus by passing the use of more

operator dependent microscopy techniques such as the Comet Assay.

5.2. Aims

The aim of this study was to validate sperm DNA fragmentation testing at the University

of Kent. Due to the advantages of using flow cytometry to test sperm DNA damage
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levels, a testing technique based on the sperm chromatin structure assay was validated

at the University of Kent.

5.3. Results

Validation of a test requires ensuring its reliability, consistency, and ability to generate
dependable results (clinical validation refers to evaluating performance and utility of a
test in clinical practice, establishing links between results and patient
diagnosis/treatment). Additionally, establishing that the test is not operator-dependent
enhances result reliability, reproducibility, standardization, clinical utility, and supports

quality control and accreditation efforts.

Semen samples were obtained from TDL Andrology (Wimpole Street, London), with one
vial going for sperm DNA damage testing at SCSA Diagnostics in America and one vial
going for sperm DNA damage testing at University of Kent. The DFI values obtained from
the University of Kent were labelled as AOFT — Acridine Orange Flow Cytometric Testing.
The results between the two centres were compared. TUNEL assay was additionally
performed on 35 of the semen samples and the results obtained by the two sperm DNA

damage assays (AOFT and TUNEL) were compared.

5.3.1. Summary statistics of parameters analysed
Table 15 shows a summary of the sperm DNA damage results for 123 patient semen

samples. TUNEL was additionally performed on 35 semen samples.
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Table 15. Summary statistics of the DFI levels as measured by AOFT, SCSA and TUNEL.

Test n Mean * S.E. Median Range
AOFT DFI i i
0 (University | 153 | 17.9%+ 1.4% 13% 2.6% — 89.2%
of Kent)
SCSA Diagnostics DFI 123 17.7% + 1.4% 13% 3.0% - 87.1%
TUNEL DFI
U 35 11.7% + 1.3 9.6% 1.3%-31.7%

(University of Kent)

5.3.2. Assessing inter-lab variation between University of Kent and SCSA Diagnostics

There was a high statistically significant Pearson correlation of .985 (<.001) between the

testing done at the University of Kent and the testing performed at SCSA Diagnostics

(Figure 32).

134



100
90 .0
80
70 Y= 1.0236x - 0.1618
60 ¢ °‘o R?2=0.97
50 '.
40 o e
30 ’o ¢
20 2]
10

SCSA DFI (%)

O 10 20 30 40 50 60 70 80 90 100
AOFT DFI (%)

Figure 32. Relationship among the percentage of DFI between SCSA® test and AOFT by

general linear model.

The Bland-Altman Plots allows for the assessment of agreement between testing done
at University of Kent and testing performed at SCSA Diagnostics in America. It is an
informative demonstration on comparing the two testing techniques. The solid
horizontal line indicates the mean difference between two methods of measurement,
and the dashed horizontal line indicates the line of agreement (mean difference + 1.96
S.D.). The mean difference for the comparison of the two operators was -0.26 with limits
of agreement set at -5.68 and 5.17. A total of 6 points (out of the 123 samples) were

above the limits of agreement. The plot shows no slope indicating no proportional error.

135



10 .
[ ]

S e S R @esessesenssnnnnasastanasnnans +1.96 SD: 5.17

-w ""v --------------------------------------------- Mean: -0.26

g CERIEE R TR SRR R -1.96 SD: -5.68

-10

Difference between SCSA and
AOFT

-15
0 20 40 60 80

Average of SCSA and AOFT

Figure 33. Bland-Altman Plot analysis of the two testing techniques: AOFT and SCSA®

test.

5.3.3. Testing of dependence on experimental conditions of Acridine Orange Flow
Cytometric Testing (AOFT)

There are three principle potential sources of variability: operator, consumables and

hardware. As a preliminary test an analysis was done where all the above sources of

variability were simultaneously assessed.

A total of 49 samples were used for assessing the AOFT dependence on the set
experimental conditions. The DFI measurements obtained by three other operators
(collectively referred to as Operator 2) were compared to the DFI measurements
obtained by the principal investigator (the author of this thesis - Operator 1). Different
acridine orange stocks were used between the operators, to ensure that same results

are obtained regardless of whether a different batch of acridine orange is used, or a
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different operator performed the result. This part of experiment was conducted in a
blind fashion, whereby the operators did not share DFI results until the end of
investigation. The principal investigator was using a BD Accuri C6 Plus flow cytometer
while the other operator was using a BD Accuri C6 Plus with the BD CSampler Plus flow
cytometer (i.e. a second instrument with the same basic hardware but including the
additional optional auto-load attachment). Since there were no differences between
the results there was no need for subsequent follow-up testing to identify specific

sources of variability.
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Figure 34. Relationship among the percentage of DFl between the two operators by

general linear model.

There was a strong agreement between the results obtained from the different

operators at varying experimental conditions, having a Pearson correlation of .993
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(p<.001). The mean difference for the comparison of the two operators was -1.32 with

limits of agreement set at -5.26 and 2.63. One point was below the limits of agreement.
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Figure 35. Bland Altman Plot for operator 2 vs operator 1.

5.3.4. Analysis of Acridine Orange Flow Cytometric Testing (AOFT) time sensitivity

To analyse time sensitivity of the AOFT assay, once the acridine orange was added to
the sperm sample, readings of DFIl over a range of time (0 seconds to 1800 seconds)
were recorded. The 1% reading was 8.8% and last reading was 8.6%. The minimum DFI
was 7.5% and maximum 9.8%. Average was 8.8%. The coefficient of variation was 7.15%.
According to published SCSA protocol (Evenson, 2013), data should start being recorded

after 3 minutes following acridine orange staining and data can be obtained within a
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maximum of 7 minutes. However, our results have demonstrated that even after 30

minutes, DFI values remain relatively constant.
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Figure 36. Variations and linear regression analysis of DFI levels over a range of time (0

seconds to 1800 seconds).

5.3.5. Acridine Orange Flow Cytometric Testing (AOFT) Repeatability

Analysis of repeatability of the sperm DNA damage assay was done by performing
multiple sperm DNA damage testing on the same semen sample (40 times) to analyse
the consistency of testing. AOFT repeatability was assessed using two different semen
samples (sample 1 and sample 2). Average DFI (£ S.D.) for sample 1 was 7.82% + 0.85%
and average DFI (+ S.D.) for sample 2 was 9.36% + 0.79%. The minimum DFl was 6.2%
and maximum DFl was 9.9% for sample 1. The minimum DFI was 8.2% and maximum DFI
was 11.57% for sample 2. The coefficients of variation were 10.8% for sample 1 and

8.57% for sample 2.
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Figure 37. Analysis of the AOFT repeatability of two semen samples by general linear

model.

5.3.6. Acridine Orange Flow Cytometric Testing (AOFT) vs TUNEL

Between the two assays a significant Pearson correlation of 0.693 (p<.001). was

observed.
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Figure 38. Relationship among the percentage of DFI between the two assays: AOFT and

TUNEL, by general linear model.
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5.4. Discussion

Sperm DNA damage testing is becoming increasingly used in the evaluation of male
infertility. It allows for the assessment of the sperm genetic integrity, which can aid in

clinical decision on treatment on infertile patients (Shamsi et al., 2011).

Results from the survey conducted in Chapter 3 indicated that the two most popular
sperm DNA damage screening tests that urologists in the UK refer to, were the Comet
assay (32% of respondents) and the SCSA (28% of respondents). The Comet assay
requires the use of the light microscope and analyses a total of 100 sperm cells (Hughes
et al., 1997) while the SCSA using flow cytometric techniques allows measurement of
over 5000 sperm cells in around 5 minutes (Evenson, 2022). Therefore, due to the
benefits of reducing testing time, while increasing precision, a sperm DNA damage
testing service based on the SCSA was chosen to be validated at the University of Kent.
Currently, semen samples are typically shipped to America for SCSA testing, which can
have negative implications namely high turnaround times and increased cost. Therefore,
a UK based flow cytometric sperm DNA damage testing service has several benefits
including (1) timely results allowing the clinics to make informed decisions promptly, (2)
cost-effectiveness which can help in managing the overall cost of fertility treatment and
(3) flexibility since clinicians can prioritize urgent cases and conduct testing according to
their preferred timeline. Taking these benefits into consideration, an acridine orange-
based flow cytometric test (AOFT) was validated in this study, for establishing a sperm

DNA damage testing service.

The findings from this study have shown that the AOFT sperm DNA test is a valid test

that is reliable and consistent. The method used for the AOFT is similar to that reported
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previously (Evenson, 2013; Rex et al.,, 2019), however those assays were performed
using flow cytometers of different brands/flow cytometer software from what was used
in this study. Therefore, to ensure that the data obtained on our BD Accuri™ C6 flow
cytometer using the BD Accuri™ C6 Software matches the data obtained on the Ortho
Diagnostics L30 flow cytometer at SCSA Diagnostics in America using their proprietary
software, SCSASoft, the % DFI results from both centers were compared. There was no
significant difference among the % DFI measured on the human semen aliquots on the
two different flow cytometers, and a high correlation 0f 0.99 was obtained between the
two centers. Additionally, the AOFT assay shows a high degree of reliability and
accuracy, having consistent % DFl results between replicates of semen samples.
Appropriately trained operators obtained similar data to the principal operator, even
when they the operators were using different acridine orange stock solutions to the

principal operator, indicating a high repeatability of the assay.

Limitations in this study include no analysis on the DFI variability at varying ambient
temperatures (although more tests are being done to generate this information) and
only limited investigation of how DFI may vary depending on the period of time between
semen thawing and sample analysis. Future work involves collaboration with clinics in
Europe offering an acridine orange-based DNA damage screening service to set up a
monthly external quality assessment. Additionally, in response the urologist survey
(Chapter 3), a high proportion of respondents stated that it would be beneficial for a
‘suite’ of DNA fragmentation tests to be conducted on a semen sample, therefore,
further validation tests of the TUNEL assay is currently in progress, to be able to provide
it in conjunction to the AOFT. In particular, it will be interesting to compare outcome

data from patients where AOFT/SCSA and TUNEL assays disagree on the level of sperm
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DNA fragmentation. This will give an important indication of whether one is intrinsically
better (i.e. more closely correlated to clinical outcome) than the other, or whether both

are giving independent information with prognostic value.

5.5. Conclusion

In conclusion, sperm DNA damage testing is increasingly important in evaluating male
infertility and guiding treatment decisions. To overcome limitations such as long
turnaround times and high costs, a validated UK-based flow cytometric sperm DNA
damage testing service using the acridine-orange flow cytometric test, AOFT, was
established. The study confirmed the reliability and consistency of AOFT. Future
research will focus on investigating DFI variability in different conditions, collaborating
with European clinics for external quality assessment, and validating the TUNEL assay to

offer a comprehensive suite of DNA fragmentation tests for enhanced prognostic value.
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6. Chapter 6: Effect of microfluidic based separation on boar

sperm parameters

6.1. Introduction

Assisted Reproductive Technologies (ARTs) are medical procedures used to treat
infertility in both men and women. These procedures involve the manipulation of eggs,
sperm, or embryos in a laboratory setting to increase the chances of a successful
pregnancy. Over the years, there has been an increase in the understanding of the
importance of sperm quality in ART success rates and offspring health (Sharma et al.,
2015; Villani et al., 2022; Zini & Libman, 2006). This has resulted in increased pressure
towards identifying sperm preparation techniques that select an optimal sperm
population for treatment (Said & Land, 2011). The current techniques for sperm
selection for the isolation of viable spermatozoa usually require several sperm washing
steps and rely on separation based on density and/or sperm motility and are therefore
not representative of what spermatozoa experience in vivo. Given the current trend in
ART to emulate the natural selection process whenever possible (Leung et al., 2022),
microfluidics has been suggested as an alternative, more gentle sperm preparation

technique (Samuel et al., 2018).

Microfluidic sperm preparation is a cutting-edge technology that has enabled
optimization of the selection and preparation of sperm exhibiting higher motility and
lower DNA damage to improve ART success rate (Huang et al., 2023; Nosrati et al., 2017).
The integration of microscale channels and chambers in microfluidic sperm sorting

devices are designed to mimic the structure and function of the female reproductive
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tract where billions of sperm can be processed in hours (Kim & Chun, 2020; Swain et al.,
2013). The three-dimensional structures of the microfluidic devices help manipulation
of the fluid flow pattern to help naturally select spermatozoa based on their ability to
navigate narrow channels (Huang et al., 2023). Additionally, microfluidics is a gentler
technique compared to swim-up and density gradient centrifugation since it reduces the
requirement for laboratory interventions including centrifugation and washing
techniques. Such sperm handing techniques can subject the sperm cells to exogenous
shear forces which can result in increased levels of sperm DNA damage and/or seminal

oxidative stress levels (Gualtieri et al., 2021).

Microfluidic based sperm separation has been shown to select spermatozoa of
improved genomic integrity relative to more conventional techniques in human semen
(Quinn et al., 2018; Shirota et al., 2016), however, such benefit in boar sperm has yet to
be evaluated. Although the use of microfluidics for sperm preparation has been analysed
using boar sperm, only sperm viability was assessed as it was a proof of concept study

(Hamacher et al., 2020).

Boar semen is important for animal breeding and insemination programs, and there is a
need to improve the sperm preparation techniques to maximise the chances of a
successful fertilisation outcome and reduce the need for multiple inseminations
(Morrell, 2011). Therefore, improving boar sperm parameters can help increase
reproductive efficiency of breeding programs which can lead to more animals being
produced in a relatively shorter amount of time resulting in economic benefits for the

farmers and producers.
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6.2. Aims

The aim of this chapter was to analyse whether the Zymot™ microfluidics device
performs as good as the gold standard (density gradient centrifugation) for boar sperm
preparation. This study also aims at analyzing sperm DNA damage levels following
microfluidic sperm separation to assess how it compares to density gradient

centrifugation.
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6.3. Results

Two different sperm separation techniques were compared: microfluidic chip-based
sperm separation (MCSS) and density gradient centrifugation (DGC). Sperm
concentration, progressive and total motility, vitality, acrosome reactivity and sperm
DNA fragmentation index were compared between the two different sperm separation
techniques. A total of 20 boar semen samples were evaluated in this study. Semen
samples in extender were also evaluated in this study to allow for comparison with the

semen samples post sperm separation.

6.3.1. Basic semen parameters

When sperm concentration was compared in all the groups (MCSS, DGC and Ext), there
was a significant difference between all the groups. The average sperm concentration
following MCSS was significantly lower than sperm concentration following DGC (4.5 +
3.2 x 10° sperm cells/mL vs 9.4 + 4.0 x 10° sperm cells/mL; p = 0.031). There was an
expected significant reduction in sperm concentration following both sperm separation
techniques (Ext vs MCSS, p < 0.001; Ext vs DGC, p = 0.006) when compared to the pre-
sperm preparation sample which had an average sperm concentration of 20.9 £ 12.5 x

108 sperm cells/mL.

There was a significant increase (groups were compared using the Kruskal-Wallis test) in
progressive motility from 27.8 + 17.3 % (Ext group) to 46.3 + 16.0 % following MCSS (p =
0.01), and from 27.8 + 17.3 % to 57.9 + 21.2 % following DGC (p < 0.001) (Figure 39).
There was a significant difference in total motility between DGC and MCSS (p = 0.03).

There was a significant increase in total motility from 57.8 + 25.0 % (Ext group) to 73.8
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+ 17.9% following MCSS (p = 0.02) and from 57.8 + 25.0 % to 67.5 + 18.4 % following
DGC (p < 0.001) (Figure 39). No significant difference in total motility was present

between DGC and MCSS (p = 0.13).
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Figure 39. Mean and standard error of total motility and progressive motility for two
sperm selection techniques (microfluidic chip-based sperm sorting - MCSS and density
gradient centrifugation — DGC) and for sperm in extender group (pre-sperm selection).

N=20 replicates for each group.

6.3.2. CASA Parameters

The iSperm computer assisted semen analysis (CASA) was used to analyse the patterns
of sperm motility traits: curvilinear velocity (VCL), velocity average path (VAP), velocity
straight line (VSL) across the different groups. The results showed that the VCL of the

samples significantly increased when selected with DGC (87.9 + 32.8 um/s) compared to
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the extender group (66.6 £ 13.2 um/s; p =0.001) and MCSS (68.1 £ 26.8 um/s; p =0.028),
while MCSS did not differ significantly from the extender group. MCSS showed a
significantly increased VAP (59.9 + 25.3 um/s) and VSL (49.3 + 18.8 um/s) compared to
the extender group (52.9 + 10.5 um/s, p = 0.01 for VAP and 39.6+2.4 um/s, p = 0.031 for
VSL). There was a greater observed increase in VAP (p <0.001) and VSL (p =0.002) values
in DGC group (75.2 + 29.8 um/s and 49.3 + 18.8 um/s for VAP and VSL, respectively)

compared to the extender group.
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Figure 40. Mean and standard error of VAP, VCL and VSL for two sperm selection
techniques (microfluidic chip-based sperm sorting - MCSS and density gradient
centrifugation — DGC) and for sperm in extender group (pre-sperm selection). N=20

replicates for each group.
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6.3.3. Vitality and acrosome reactivity

There was a significant decrease in % vitality following DGC (82.8 + 7.7 %) when
compared to the extender (97.1 + 1.3 %; p<0.01) and the MCSS groups (95.3 * 3.4 %;
p<0.01). There was no significant difference in % vitality between MCSS and extender
group. The % of acrosome reacted sperm following DGC (11.8 + 20.8 %) was higher
compared to extender (5.0 + 6.4 %) and MCSS (5.0 + 4.6 %) groups, however, it was not

a significant increase (p = 0.18).
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Figure 41. Mean and standard error of (A) % live sperm and (B) % acrosome reacted for
two sperm selection techniques: microfluidic chip-based sperm sorting (MCSS) and
density gradient centrifugation (DGC). Ext refers to sperm in extender (pre-sperm

selection). N=20 replicates for each group.
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6.3.4. Sperm DNA quality and Immature Spermatozoa

The % DFI was significantly reduced following both sperm separation techniques (2.4 +
1.3 % Extvs 0.7 £ 1.0 % MCSS, p < 0.01; 2.4 £ 1.3 % Ext vs 1.1 £ 0.8 % DGC p < 0.0004).
There was no significant difference in % DFI between both sperm preparation
techniques. MCSS has a significantly lower (p < 0.0004) number of immature
spermatozoa (identified as high DNA staining cells — HDS) as measured by the acridine
orange-based flow cytometric testing compared to extender group. %HDS was also

reduced following DGC (1.7 £ 1.3 % DGC vs 2.3 + 1.8 % Ext), albeit not significant.
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Figure 42. Effect of sperm preparation technique on % DNA fragmentation Index (DFI)
and % of immature spermatozoa (High DNA stainability — HDS) for two sperm selection
techniques: microfluidic chip-based sperm sorting (MCSS) and density gradient
centrifugation (DGC). Ext refers to sperm in extender (pre-sperm selection). N=20

replicates for each group. Data is shown as % mean + SEM.
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6.3.5. Sperm DNA quality between the upper chamber and lower chamber of the
microfluidic device

Following sperm extraction from the upper chamber of the microfluidic device, sperm

was also extracted from the bottom chamber (the sperm that did not pass through the

filter into the upper chamber). This was done in order to analyse the efficacy of the

device in separating sperm having low DNA damage with sperm having higher DNA

damage levels.

There was a significant difference in % DFl between the two chambers (p < 0.05)
indicating that sperm having lower levels of DNA damage were more likely to pass

through the microfluidic channels and be collected in the upper chamber.
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Figure 43. % DNA fragmentation Index (DFI) between lower chamber of microfluidics
sperm separation device, upper chamber of the microfluidic sperm separation device

and extender. N=20 replicates for each group. Data is shown as % mean + SEM.
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6.4. Discussion

Microfluidic devices for sperm preparation techniques are relatively new concepts and
are still undergoing research and development to optimize their effectiveness. In the
boar breeding industry, microfluidic-based sperm preparation has the potential to
improve breeding outcomes by enhancing sperm quality and selection, thus potentially
increasing fertilisation rates. Since the field of reproductive technology is moving
towards ‘a closer to nature’ approach, reducing the requirement for centrifugation by
utilizing microfluidics, helps to mimic more closely the natural selection process that
occurs in vivo (Leung et al., 2022). Since the gold standard for boar sperm preparation is
density gradient centrifugation, this study analysed whether microfluidics-based sperm
separation is at least as good as the gold standard. The results obtained in this study
have demonstrated that microfluidics obtained comparable results to density gradient
centrifugation. Therefore, the benefits of utilizing microfluidics including reduced time
and labor for sperm preparation and reduced centrifugation steps, warrants further
studies to optimize and standardize microfluidics-based sperm preparation for boar

ART.

The two sperm preparation techniques analysed in this study, DGC and MCSS, increased
the overall progressive motility and total motility of the sample when compared to the
pre-processed sample. DGC was associated with a higher overall progressive motility
relative to MCSS. Interestingly, multiple published literature have reported higher
progressive motility in MCSS when compared to DGC, although majority of the studies
were conducted on human sperm samples (Gode et al., 2020; Guler et al., 2021; Quinn

et al., 2018). A potential contribution factor to the observed lower progressive motility
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in MCSS group relative to DGC, was that the sperm handling medium used in the
microfluidics device was not optimized for microfluidics sperm sorting. The same sperm
handling medium utilized for DGC was used for microfluidics. Therefore, future research

should be directed towards analyzing different media for use with microfluidics.

Interestingly, DGC was associated with a lower number of viable spermatozoa relative
to the MCSS and the pre-processed sample. Additionally, DGC had a higher number of
acrosome reacted spermatozoa. Such observation could be due to the centrifugation
process potentially inducing membrane instability and shortening the life-span of the
spermatozoa (Coetzee et al., 1992; Hernandez-Silva et al., 2021). This can result in

premature acrosome reaction and preclude zona binding.

The results demonstrated in the study indicate both sperm preparation techniques
selected spermatozoa having lower DNA fragmentation, however, MCSS was associated
with the lowest DFI values (although not significant). Some studies have suggested that
the centrifugation process can increase levels of reactive oxygen species in the media
and can result in DNA damage (Zini et al., 2000). However, contradicting studies have
showed that DGC does not increase ROS and DFI levels (Malvezzi et al., 2014; Takeshima
et al., 2017). Our study demonstrates that there was no significant difference in DFI

levels between DGC and MCSS, although DFI levels following MCSS were lower.

In terms of study limitations, it is important to note that the semen samples used for
this study came from breeding boars, which have been selected for their optimal sperm
parameters. Therefore, the DFI levels of these samples were already very low. Future
work will be aimed at investigating poorer quality samples, to determine which sample

preparation method is better at enriching healthy sperm from a mixed population of
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cells. Additionally, itis important to note that these results are based on a limited sample
size and further studies with larger sample sizes may be needed to confirm these
findings. Nevertheless, the present study provides important insights into the effects of

different sperm separation methods on the overall sperm quality.

There are still several challenges that need to be addressed before microfluidics can be
widely adopted in the industry, such as the need for standardization and validation of
the techniques, as well as the cost and scalability of the devices. Further challenges
include the lack of standardized protocols for microfluidic based sperm preparation and
the need for more data on their effectiveness. Overall microfluidic sperm preparation
can allow for a promising technology for use in the boar breeding industry and is at least
as good as the gold standard for sperm selection, density gradient centrifugation.
Therefore, it could be a promising approach for improving success rates in pig ART, and
in other species, including humans, if the results prove to generalize beyond the context

studied here.

6.5. Conclusion

In conclusion, microfluidic devices offer a promising approach for sperm preparation in
the boar breeding industry, with the potential to enhance breeding outcomes by
improving sperm quality and selection. This study demonstrated that microfluidics-
based sperm separation is comparable to the gold standard method of density gradient
centrifugation. Nevertheless, challenges remain, including the standardization,

validation, cost, scalability, and development of protocols for microfluidic-based sperm
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preparation. Despite these challenges, microfluidics holds promise as a technology that

can enhance success rates in pig assisted reproductive technologies.
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7. Chapter 7: Assessing the safety of optical coherence
tomography (OCT) broadband infrared sources on boar and

human spermatozoa.

7.1. Introduction

Successful implantation following embryo transfer requires the synchronisation of both
the embryo and the endometrium (Diedrich et al., 2007). A crucial step during embryo
transfer is the selection of embryos (as determined by morphological and morphokinetic
assessment) having the highest chance of attaining a successful pregnancy (Cummins et
al., 1986; Gardner et al., 2000; Meseguer, Herrero, et al.,, 2011). Currently, the gold
standard for embryo assessment is static observation of embryo development during
specific time points using microscopy. Based on the morphological assessments,
embryos are assigned a grade according to their predicted ability to implant (Gardner et
al., 2000). However, using fixed time points for monitoring embryo development can
result in key embryonic events being missed. To counteract this, time-lapse systems
(TLS) have been developed to allow for continuous monitoring of embryos. The use of
TLS in artificial reproduction technology (ART) clinics has paved way for further
understanding of the morphological mechanisms of fertilisation and embryo
morphokinetics (Castello et al., 2016; Kovacs, 2014). Since TLS requires the periodic
exposure of embryos to visible light which is an unnatural stress to embryos, clinical
safety was established and TLS were validated for clinical use (Kirkegaard et al., 2012;

Nakahara et al., 2010).
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In recent years, the use of TLS with morphokinetic monitoring has enabled several
embryo selection algorithms to be developed with the aim of identifying the ideal
morphokinetic parameters for a successful outcome (Chamayou et al., 2013; Cruz et al.,
2012; Dal Canto et al., 2012; Petersen et al., 2016; Storr et al., 2018). This has resulted
in the generation of a wealth of embryo morphokinetic data based on the 2-dimensional
(2-D) time-lapse images produced. Although, multiple iterations of TLS have been
developed to optimise embryo selection, it is ultimately limited by the inability to see

beyond the external surface anatomy of embryos.

3-Dimensional (3-D) live imaging of embryos using optical coherence tomography (OCT)
could allow for analysis of 3D embryo volumes with high resolution depth profiling and
this could provide additional information for selecting the optimal embryo for transfer.
Adopting this technique could help identify potential defects in embryos which would

otherwise be unobservable through more conventional analysis.

OCT is an imaging method utilising low coherence interferometry to produce 3-D cross-
sectional images (Popescu et al., 2011). OCT was initially commercialized for optical
tomography (Fercher et al., 1993) and is now considered a standard of care for retinal
imagining technique (Sampson et al., 2022); however, over recent years, OCT has been
demonstrated as a fundamental research tool for real time, non-invasive in-vivo and ex-
vivo imaging (Alam & Poddar, 2022; Cernat et al., 2012; Holmes, 2009; Sepehr et al.,

2008).

OCT employs the use of a broadband, low coherence optical source to produce a beam
which is divided between a sample arm and a reference arm (Figure 44) (Aumann et al.,

2019; Popescu et al., 2011). The interference between the sample and reference beams
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are coupled and detected to produce a reflectivity profile in depth of the embryo. 3D
volumes are then acquired using the galvanometer scanners that operate in Xand Y axes

to provide structural and functional information on embryos (Raghunathan et al., 2016).
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Figure 44. Diagram of optical set up (used with permission from Optics Group at

University of Kent).

Numerous studies have demonstrated the potential of OCT as an exploratory tool within
developmental biology for imaging of live cells (Burton et al., 2015; Garcia-Martin et al.,
2014; Jenkins et al., 2007; Umezu et al., 2022; Wang et al., 2022; Wang & Larin, 2015).
Additionally, it could pave way to the inclusion of key novel biomarkers for grading of
gametes and embryos during the selection process. However, despite the demonstrated

benefits of OCT in developmental biology, it is vital to test the safety of the optical

161



sources on gametes especially since spermatozoa are particularly prone to DNA damage
owing to the limited DNA repair ability post-spermiogenesis (Garcia-Rodriguez et al.,
2018). Although low levels of unrepaired sperm DNA damage levels can be repaired in
zygote following fertilisation, if sperm DNA damage exceeds oocyte repair mechanism,
there is an increased risk of implantation failure, miscarriage, abnormal foetal
development, and birth defects in offspring (Gonzalez-Marin et al., 2012; Vasilyeva et

al., 2020; Wyck et al., 2018).

7.2. Aims

The main aim of this study was to experimentally validate the safety of OCT broadband
infrared sources (at circa 1077 nm) on boar and human spermatozoa by simulating by
simulating three different imaging protocols. The proposed testing of OCT based
imaging is intended for eventual use in embryology. This study not only provides
valuable information on the safety and benefits of OCT based imaging, but it is also the
first systemic study analyzing the genotoxic impact of broadband infrared on boar and

human sperm.
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7.3. Results

The irradiation protocol for boar semen samples involved 3 different scanning protocols,
referred to as protocol A, B and C. In protocol A, the time for scan of the entire field of
view was kept unchanged but the overall time of acquisition was varied from 20 to 60
seconds. As higher overall acquisition time increases the theoretical image signal-to-
noise ratio, an exposure time of 60 seconds (maximum time tested in protocol A) was
used in protocol B, however varying scanning frequencies were assessed. Higher
resolution results from the capacity of a lower scanning frequency to collect more points
per scan. In comparison to scanning at higher frequencies, the dose across each point
increases at lower imaging rates, as the laser beam moves over a given area at a slower

pace.

Protocol C simulated different OCT scanning protocols that are commonly used for
functional characterization of dynamic samples and was termed OCT angiography (OCT-
A). Higher number of scans (galvanometric scans) results in improved spatial resolution
and enhanced data acquisition. For protocols A, B and C, the control samples were boar

sperm in extender that were not exposed to any of the described scanning protocols.

The irradiation protocol for human semen samples was performed with a constant
300%x300 sampling density and 60 seconds exposure time. The semen samples were
separated into three groups: 0 mW (control), 3 mW power and 20 mW power at 1077
nm. By comparing the outcomes at different power levels, the most suitable energy
intensity that ensures reliable scanning results without compromising sperm quality

could be established.
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7.3.1. Protocol A: Effects of varying overall time of acquisition (with constant time to
scan) on sperm parameters

Exposure of boar spermatozoa in a commercial extender to varying overall exposure

times (20 to 60 seconds) resulted in no significant change in the tested sperm

parameters (progressive motility, total motility, vitality, acrosome reactivity and sperm

DNA damage).

With regards to the sperm kinetics (Figure 45.A) parameters, the control showed a
similar VAP (Control: 50.5 + 2.2 um/s; 20 seconds: 45.3 + 2.2 um/s; 40 seconds: 34.0
6.7 um/s; 60 seconds: 42.5 + 1.8), VSL (Control: 43.0 + 2.3 um/s; 20 seconds: 36.3 + 1.5
um/s; 40 seconds: 29.0 + 6.0 um/s; 60 seconds: 44.3 + 11.2) and VCL (Control: 57.7 £ 4.0
um/s; 20 seconds: 52.3 + 5.2 um/s; 40 seconds: 37.5 + 6.8 um/s; 60 seconds: 48.7 + 3.2)

for the different acquisition times (20 seconds, 40 seconds and 60 seconds).

Table 16. Boar sperm parameters subjected to varying overall exposure time at

constant time to scan.

Exposure Progressive Acrosome
Time motility  Total motility Vitality Intact DFI
(seconds) (%) (%) (%) (%) (%)
0 (Control) 31.0+16.6 48.2+19.8 75.8+10.5 73.3110.6 29+04
20 14.7 +3.2 42.7+11.9 90.4+4.38 88.5+45 23+0.3
40 24.7+18.7 353+16.8 89.9+4.6 87.5+45 26103
60 23.7+18.0 34.8+143 84.7+7.1 82.4+73 26+0.3
p value .901 921 487 .615 .745

Values represent the average + standard error. This experiment was repeated 3 times

using 3 different boar ejaculates.
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7.3.2. Protocol B: Boar sperm parameters subjected to varying scanning frequency at
constant overall time of acquisition (60 seconds)

Exposure of boar spermatozoa in a commercial extender to varying scanning frequency,

at time of acquisition being 60 seconds, resulted in no significant change in the tested

sperm parameters (progressive motility, total motility, vitality, acrosome reactivity and

sperm DNA damage).

With regards to the sperm kinetics (Figure 45.B) parameters, the control showed a
similar VAP (Control: 52.0 + 1.7 um/s; 300x300: 46.0 + 1.9 um/s; 500x500: 47.4 + 1.5
um/s; 2000x2000: 45.6 = 1.6 um/s), VSL (Control: 42.7 + 2.9 um/s; 300x300: 37.9 + 2.6
um/s; 500x500: 37.3 + 1.9 um/s; 2000x2000: 36.8 + 1.0 um/s) and VCL (Control: 55.8
1.6 um/s; 300x300: 50.9 + 2.0 um/s; 500x500: 52.0 + 1.3 um/s; 2000x2000: 50.0 + 1.7

um/s) for the varying scanning frequencies.

Table 17. Boar sperm parameters subjected to varying scanning frequency at constant

overall time of acquisition (60 seconds).

Progressive Acrosome

motility Total motility Vitality Intact DFI

Imaging Rate (%) (%) (%) (%) (%)
300x300 24.4+5.1 61.3+11.2 93.3+1.7 91.74£2.0 2.740.5
500x500 24.314.6 62.819.7 93.5+1.9 92.1+2.1 2.5+0.4
2000x2000 21.5+2.9 60+8.5 93.4+1.7 92.1+2.0 2.2+0.3
Control 30.943.9 64.516.8 94.3+1.8 92.612.1 2.610.6

p value 464 .982 .982 992 .907

Values represent the average + standard error. This experiment was repeated 5 times

using 5 different boar ejaculates.
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7.3.3. Protocol C: Boar sperm parameters subjected to varying optical coherence
tomography (OCT) scanning protocol

Exposure of boar spermatozoa in a commercial extender to varying OCT scanning

protocols (5 N, 10 N and 20 N) resulted in no significant change in the tested sperm

parameters (progressive motility, total motility, vitality, acrosome reactivity and sperm

DNA damage).

With regards to the sperm kinetics (Figure 45.C) parameters, the control showed a
similar VAP (Control: 42.0 £+ 4.8 um/s; 5N:44.2 + 1.0 um/s; 10 N: 49.0 £ 2.0 um/s; 20 N:
45.0 £ 5.1 um/s), VSL (Control: 33.7 £ 3.4 um/s; 5 N: 36.3 £ 1.9 um/s; 10 N: 41.0 £ 2.3
um/s; 20 N : 38.7 = 2.9 um/s) and VCL (Control: 46.8 + 5.7 um/s; 5 N: 49.2 + 0.3 um/s;

10 N:55.5 + 1.8 um/s; 20 N: 48.5 £ 6.1 um/s) for the varying scanning protocols.

Table 18. Boar sperm parameters subjected to varying optical coherence tomography

(OCT) scanning protocol.

Progressive Acrosome

motility Total motility Vitality Intact DFI

OCT-A (%) (%) (%) (%) (%)
5N 13.3+0.7 39.8+0.8 90.8+0.3 88.2+0.7 2.0+£0.3
10N 13+2.6 32.7+4.1 91.1+3.8 89.1+4.8 1.9+0.3
20N 93117 24.0+5.5 91.6+2.1 89.2+2.7 2.1+0.2
Control 11.3+3.9 32.2+6.4 93.0+2.3 90.3+2.8 2.0+0.2

p value .676 .207 931 .972 .989

Values represent the average + standard error. This experiment was repeated 3 times
using 3 different boar ejaculates.
N represents the number of times the galvanometric scanner scans the same line.
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7.3.4. Human sperm parameters following varied irradiation power.
Exposure of human semen samples at 300 x 300 sampling density for 60 seconds at
varied power (3 mW and 20 mW at 1077 nm) resulted in no significant change in the

tested parameters across the different groups.

With regards to the sperm kinetics (Figure 45.D) parameters, the control showed a
similar VAP (Control: 22.8 + 1.6 um/s; 3 mW: 24.1 + 1.1 um/s; 20 mW: 21.4 + 2.0 um/s),
VSL (Control: 18.5+ 1.6 um/s; 3 mW: 18.6 + 1.0 um/s; 20 mW: 16.4 + 1.8 um/s) and VCL
(Control: 35.7 £ 4.5 um/s; 3 mW: 35.1+ 2.8 um/s; 20 mW: 32.6 + 3.6 um/s) for the two

different irradiation powers (3 mW and 20 mW) tested.

Table 19. Human sperm parameters following varying irradiation power.

Progressive motility  Total motility Vitality DFI

(%) (%) (%) (%)
Control 12.0+2.2 51.7+3.8 64.7 £5.8 28.5+6.6
3mw 11.6+2.3 51+4.8 63.7+5.3 27.6+6.9
20 mW 119+2.3 46.3+5.3 67.0+6.6 285+75

p value 992 .671 921 .995

Values represent the average * standard error. This experiment was repeated using 6

different human ejaculates from 3 donors.
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Figure 45. Boar and human sperm motility parameters when subjected to varying
conditions: A) boar sperm subjected to varied overall time of acquisition, b) boar sperm
subjected to varied scanning frequency, c) boar sperm subjected to varying scanning

protocol and d) human sperm irradiated with two different optical powers.
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7.4. Discussion

Optical coherence tomography (OCT) is an imaging method utilising low coherence
interferometry to produce 3-Dimensional (3-D) cross-sectional images (Popescu et al.,
2011). OCT imaging provides high resolution depth profiling and has the potential of
analyzing 3-D embryo volumes providing additional information for selecting the
optimal embryo for transfer. The inclusion of an OCT technology merged with traditional
time-lapse systems could help not only improve embryo selection but also allow for the
identification of potential embryonic defects that might not be otherwise observable.
Additionally, the in-depth OCT imaging could allow for visualization of subcellular
structures in oocytes and help provide a guide to the position of the microinjection
needles during ICSI procedures, potentially increasing safety and accuracy of ICSI.
However, OCT requires the exposure of gametes/embryos to infrared irradiation,
therefore, before analyzing the potential benefits of OCT in a clinical setting, the safety
of the OCT based imaging (broadband infrared sources at c.1077 nm) needs to be
assessed. In this feasibility study, analysis of boar and human sperm parameters
following exposure to varying irradiation conditions, were assessed. Our results suggest
that there is little effect on sperm parameters from exposure following broadband IR
infrared irradiation. The proposed testing of OCT based imaging is intended for eventual
use in embryology. This study not only provides valuable information on the safety and
benefits of OCT based imaging, but it is also the first systemic study analyzing the

genotoxic impact of broadband infrared on boar and human sperm.

Although multiple studies have analysed the effects of infra-red exposure on sperm

parameters, the outcome of the results are diverse, largely due to varied IR wavelengths
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and intensity used in the different studies. Firestone et al. conducted a study on the
effects of infrared exposure at 905 nm on sperm motility and sperm DNA damage. Their
findings showed improved sperm motility and no significant change in sperm DNA
damage levels following infrared irradiation (Firestone et al., 2011). Another study, by
Preece et al., irradiated the sperm at 633 nm and also showed increased sperm motility
following irradiation (Preece et al., 2017). Additionally, the infrared irradiation did not
induce significant levels of oxidative stress, nor did it increase levels of double-strand
DNA breaks as measured by testing for yH2AX. The increased sperm motility following
infrared irradiation could be due to the photonic energy in red light being absorbed by
the mitochondrial cytochrome-c oxidase boosting ATP production and subsequently

improving sperm motility (Breitbart et al., 1996; Karu & Kolyakov, 2005).

The ability of OCT to provide high-resolution imaging without the need for physical
contact with the sample has made it a useful exploratory tool in developmental biology
research. This imaging method has been utilized in various non-mammalian model
systems to capture live structural embryonic images with the primary focus on
embryonic vasculature system (Garita et al., 2011; Kagemann et al., 2008; Mariampillai
et al., 2007; Rugonyi et al., 2008). Larina et al. utilized in utero imaging methods to
acquire images of the embryonic eye during different embryo developmental stages
(Larina et al., 2012). Another study, by the same group, focused on live imaging of mouse

embryos in utero using OCT from 12.5 to 18.5 days post coitus (Syed et al., 2011).

Although multiple studies have focused on in vitro and in vivo use of OCT during
embryogenesis, very few studies have focused on the safety of an OCT system. A study

conducted by Takae et al. analysed the safety of OCT examination on mouse ovarian
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tissue. They demonstrated that OCT did not affect reproductive outcomes (including
fertilisation rate and blastocyst rate) nor was it associated with increased birth defect
rates (Takae et al., 2017). In addition, their research was able to report primordial follicle
detection on unfixed ovaries indicating its potential clinical application in assessing

ovarian reserve.

For OCT to be a viable imaging tool for use with traditional time-lapse system, it is
necessary to show that the laser irradiation does not induce damage to the gametes.
DNA damage in sperm has been associated with reduced fertilisation rates, increased
chances of miscarriage, reduced embryo quality and reduced offspring health (Henkel
et al., 2004; Ribas-Maynou & Benet, 2019; Zhu et al., 2022; Zini et al., 2008). Our study
demonstrates that boar sperm exposed to broadband infrared at 1077 nm at varying
exposure time, imaging rates and sampling density had no significant effect on sperm
DNA damage. The optimal OCT parameters for use on human sperm were selected
based on the results from the boar sperm samples (300x300 sampling density at 60
seconds exposure time). Two varying power levels were tested on the human sperm
(3mW and 20mW), however, even at the high-power level of 20mW, there was no effect
on sperm parameters including sperm DNA damage levels. It is worth noting that the
human semen samples used in this study had moderate DFI levels, therefore analysis of
more human semen samples having varying levels of sperm DNA damage levels is

required.

The acrosome reaction is also a critical process for successful fertilization (Hirohashi &
Yanagimachi, 2018; Tello-Mora et al., 2018), and the finding that infrared illumination

does not impact the proportion of boar sperm undergoing acrosome reaction suggests
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that the treatment does not compromise the structural or functional integrity of sperm
membrane confirming the preserved fertilization potential of spermatozoa. A limitation
to this is that the acrosome integrity was only assessed in boar spermatozoa, and not
human spermatozoa, although this will be assessed in future studies. However, a study
conducted by Singer et al. on human sperm indicated that there was no effect on sperm

acrosome reactivity following irradiation at 940 nm (Singer et al., 1991).

Although OCT images of oocytes were taken, the fertilisation capacity of irradiation
sperm and oocytes were not assessed. Therefore, the results from this feasibility study
warrants further investigation in analyzing the fertilisation and embryo development
potential following gamete and embryo irradiation for developing a more
comprehensive embryo imaging technology. Additional further testing will involve the
use of an integrated time-lapse system utilizing additional OCT technology to optimize

embryo monitoring and selection.

7.5. Conclusion

To conclude, the use of OCT for imaging embryos can allow for non-invasive imaging of
embryos and has the ability of providing valuable information about the timing and
sequencing of key embryo developments. All irradiated samples showed no significant
difference when compared to their matched manipulation control. This provides
valuable information for those considering the development of OCT based imaging

systems.
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8. Chapter 8: General Discussion and Future Prospects

8.1. Overview

Studies have shown that sperm DNA damage is correlated to reproductive success rates
(Aitken et al., 2010; Robinson et al., 2012; Zheng et al., 2018; Zhu et al., 2022). Therefore,
due to emerging evidence on the links between sperm DNA damage and reproductive
outcomes, the 6™ edition of the WHO Manual for the Laboratory Examination and
Processing of Human Semen, has included sperm DNA damage testing, as an extended
examination, to guide the clinical characterisation of fertile or infertile men (World

Health Organization, 2021).

However, substantial open questions remain regarding the degree to which academic
understanding of sperm quality biomarkers has been (or may in future be) translated to
clinical practice. Obstacles to test uptake include a lack of clinical awareness of which
tests are available, genuine scientific uncertainties as to the interrelationships between
these tests and clinical outcomes, and logistical / cost barriers to test implementation.
Additionally, for some aspects of sperm function there is as yet no validated test for
clinical use, and thus future basic research is needed to develop appropriate methods

to assay these.

The objectives of this thesis were therefore: (1) to assess the clinical understanding and
demand for existing sperm function tests in the UK and abroad amongst urologists; (2)
to analyse the links between ROS and ORP in semen samples and their effect on sperm
DNA fragmentation; (3) to characterise the SCSA/AOFT test in our own laboratory and

generate supporting data to enable offering it as a service; (4) and (5) to test novel
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methods of remedying the consequences of sperm DNA damage either by sorting of

sperm or by improved characterization of post-fertilization embryos.

Having achieved these aims, accordingly, Chapters 3-5 of the thesis provide a platform
for improved diagnostic testing of UK patients undergoing fertility investigations,
grounded in an understanding both of clinical need and of how different measurements
of oxidative stress relate to sperm DNA damage. The following two chapters, Chapters
6-7, provide data to support the development for two advanced treatment methods:
improved processing of semen samples by microfluidic separation, and improved

imaging of fertilization and early embryological events by OCT.

8.2. Understanding and meeting clinical needs for sperm testing in the

UK

While obstetrician-gynaecologists are typically the first physicians that couples present
to for a fertility evaluation, urologists play a key role in the diagnosis and management
of male factor infertility issues. Therefore, a survey was conducted targeting urologists
practicing in different geographical regions, to analyse perceptions towards advanced
semen analysis tests. Overall, results from the survey showed strong agreement
amongst the participants as to what they consider to be clinically relevant parameters
in a basic semen analysis. There was also a clear desire to use more advanced testing
where required, with 58% of urologists offering sperm DNA damage testing to their
patients, 17% offering sperm aneuploid testing and 22% offering seminal oxidative
stress testing (however, it is essential to recognize that the perceived unmet need for

these tests may primarily be voiced by specific groups, some of which have a vested
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interest due to their involvement in the development or marketing of such tests). A
significant number of urologists indicated that they would like to offer these tests but
were unable (or unwilling) to do so. This indicates a clear unmet need in this area, with
the key barriers to use being scientific uncertainties on the value of testing, and the
cost/availability of reliable validated tests. Test unfamiliarity was a key factor in relation
to oxidative stress testing, while cost and availability were the key factors in relation to
sperm DNA damage testing, despite a strong consensus in favour of carrying out this

test. Hence, we designed projects (Chapters 4 - 5) to address these problems.

In relation to the scientific uncertainties surrounding oxidative stress testing, a
correlational study was carried out to clarify the relationship between ORP, ROS and
seminal parameters (including sperm DNA damage). Both ROS and ORP assays are valid
techniques for measuring seminal oxidative stress levels, however, they provide
different information on the overall seminal oxidative status. In the retrospective study,
combinatory measurements of seminal ORP levels and seminal ROS levels were assessed
and correlated to different sperm parameters. High ORP levels does not necessarily
equate to high ROS levels, and vice versa. 24% of semen samples had high ORP levels
but low ROS levels, while 11% of the semen samples had low ORP levels but high ROS
levels. High ORP and/or ROS levels were associated with overall poorer sperm

parameters.

The highest incidence of leukocytospermia was found in patients that had high ROS and
low ORP seminal levels. This is almost certainly due to the fact that the ROS
measurement includes both intra- and extra-cellular ROS, while ORP measures the net

balance of extracellular ROS and antioxidants. The ROS measurement will therefore
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include ROS found within the leukocytes themselves, while ORP will only measure
leukocyte-derived ROS that has been released into the seminal plasma. Additionally,
12% of patients that were normozoospermic had high ROS while 15% of
normozoospermic patients had high ORP. Therefore, this suggests that patients
diagnosed as having unexplained infertility could have high oxidative stress levels, that

would remain undiagnosed unless these patients undergo advanced sperm testing.

When patients exhibit inconsistent or discordant results between seminal oxidation-
reduction potential (ORP) and reactive oxygen species (ROS) measurements, it poses a
challenge in determining the appropriate course of action. In such cases, it becomes
difficult to fully comprehend the underlying factors contributing to the oxidative stress
levels and make informed decisions regarding treatment options more challenging.
Therefore, further work is required to design a systematic approach that can assist in
understanding the treatment pathway for patients with discordant ORP and ROS

results.

In relation to the uncertainties surrounding sperm DNA damage testing, the urologists’
responses indicate they believe single and double strand breaks are the most important
DNA damage to measure, while other types of DNA damage are less significant to test
for. If this perception is correct, it would be beneficial to develop more targeted tests
specifically designed for detecting single and double strand breaks. If, however this is
not correct, this indicates a necessity for further outreach and education to educate
clinicians about the significance of other types of DNA damage. With male oxidative
stress infertility being increasingly appreciated as a cause of male infertility (Elbardisi et

al., 2020; Wright et al., 2014), and the strong correlations we found in Chapter 4, | favour
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the latter viewpoint, since oxidative damage not only leads to single and double strand

breaks but to multiple types of lesions (Nowicka-Bauer & Nixon, 2020).

The survey (Chapter 3) also highlighted a need for more cost effective and readily
available tests for measuring sperm DNA damage. Providing an in-house UK based flow
cytometric sperm DNA damage testing service could help overcome the current
obstacles to this provision, allowing timely results to be produced and aiding clinicians
to make informed decisions promptly. Based on the need for a low-cost, fast turnaround
assay that measures multiple sources of DNA damage, the acridine orange-based flow
cytometric test (AOFT) was validated for use in future studies and for eventual
commercial service provision (Chapter 5). The findings from this study have shown that

the AOFT is a valid test that is reliable and consistent.

As 59% of respondents in the survey said that it will be useful to provide a “suite” of
different DNA fragmentation tests, TUNEL is also in process of validation, with the intent
of being offered in conjunction to the AOFT. The combination of multiple DNA
fragmentation tests can potentially offer independent and complementary information
about sperm quality and its impact on fertility outcomes. This can improve the
prognostic value of the testing process and aid in predicting the success of fertility
treatments. However, integrating multiple DNA fragmentation tests results can
introduce complexities in interpretation. Discordant results, between different assays,
may require further investigation and discussions among healthcare professionals, to
understand their implications and guide treatment decisions effectively. This may
increase the complexity and time required for result analysis and decision-making

processes.
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Future work involves determining in house AOFT (and TUNEL) threshold values based
on sperm parameters and reproductive outcomes, to improve diagnostic
accuracy. Establishing in-house sperm DNA damage threshold values fosters a culture
of continuous quality improvement. By regularly monitoring and reassessing the
correlation between AOFT (and TUNEL) results and reproductive outcomes, threshold
values can be refined over time. This ongoing evaluation helps to ensure that the
thresholds remain relevant and reflective of the latest evidence and clinical practice,

improving the overall quality and reliability of the AOFT (and TUNEL) testing process.

8.3. Trialing methodologies to remedy sperm DNA damage

For patients exhibiting high levels of sperm DNA damage, lifestyle modifications
including reduced alcohol intake, stopping smoking and improved diet, can help improve
sperm quality. Apart from lifestyle changes, sperm preparation techniques can also help
reduce sperm DNA damage levels present in a semen sample. Microfluidic based sperm
preparation has emerged as an alternative sperm preparation technique, that allows for
sperm to be naturally selected based on motility, morphology and DNA integrity (Nosrati
et al.,, 2017). As density gradient centrifugation (DGC) is the gold standard for boar
sperm preparation, sperm parameters following DGC and microfluidics chip-based
sperm sorting (MCSS) were compared. Both DGC and MCSS significantly reduced boar
sperm DNA damage levels, with the lowest sperm DNA damage levels obtained
following microfluidics sperm preparation. The results from this study indicate that
microfluidic sperm preparation could allow for a promising technology and could help

improve the success rates of pig ART. However, further work is needed on selecting
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optimal sperm handling medium to be placed in the outlet port of the microfluidics

device.

Additionally, further research was conducted at the University of Kent, in collaboration
with another PhD student (Maria Serrano Albal), to compare fertilisation outcomes
following DGC and MCSS. MCSS showed improved blastocyst quality relative to DGC
(although not statistically significant), likely due to reduced sperm DNA damage levels

associated with MCSS (Figure 46).
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Figure 46. Effect of both sperm selection methods on blastocyst quality (Serrano-Albal
et al., 2023). Error bars show the 95% confidence interval (N=48). Groups did not differ

(p >0.05).
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Sperm DNA quality has adverse influence on embryonic outcomes; therefore, it is
imperative that genotoxic effects of any new technology, with the intention to be used
in fertility clinics, is comprehensively assessed. Optical coherence tomography (OCT) is
an imaging method that utilises low coherence interferometry, to provide high
resolution depth profiles. This has the potential of analyzing 3-D embryo volumes,
providing additional information for selecting optimal embryo for transfer. The use of
OCT could prove to have extensive benefits as an add on technology to traditional time-
lapse systems. As OCT requires the exposure of gametes/embryos to infrared
irradiation, before analyzing the potential benefits of OCT on embryos in a clinical
setting, the safety of the OCT based imaging (broadband infrared sources at c.1077 nm)

was investigated.

No significant effect on sperm parameters following broadband infrared irradiation
employed by the OCT system was observed. Subsequentially, following the safety
assessment of OCT on spermatozoa, oocyte imaging was undertaken by the University
of Kent Optics Group. OCT stacks of porcine oocytes were taken for imaging (Figure 47)
and cumulus movement, following addition of spermatozoa, could be visually observed.

Future work involves analysing the oocyte fertilization potential following irradiation.
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Figure 47. A slice extraction of an OCT image of in vitro matured porcine cumulus-oocyte
complex at a specific time at one volume obtained from an OCT depth time-lapse

analysis (obtained with permission from the University of Kent Optics Group).

8.4. Future Prospects

In the preceding sections | have highlighted specific areas where further research is
needed. As we develop and improve the provision of advanced sperm testing in the UK,

| envisage the following projects:

A) Ongoing survey analysis to assess whether the urologist perspectives on advanced
sperm testing evolves over time. Furthermore, future survey should include questions
designed to gather insights from urologists on their preferences for specific tests during
a male fertility evaluation. By incorporating these questions, the study aims to bridge
the gap between clinicians and scientists, fostering a better understanding of urologists'

needs and preferences in the field of male fertility assessment.
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B) Collaborate with clinicians to move beyond simple correlative work and make the link
between sperm DNA damage and reproductive outcomes. The data generated from this
collaboration will not only contribute to a better understanding of the relationship
between sperm DNA damage and reproductive success but will also aid in the
establishment of clinically relevant thresholds. This valuable information will guide
clinicians in making informed decisions regarding treatment options and interventions,

ultimately improving patient care in the field of reproductive medicine.

C) Further optimisations with the microfluidics sperm separation including optimisation
of the media used. Refining the composition and properties of the media, can improve
reproductive outcomes. Exploring different formulations and components of the media
can help create an ideal environment for sperm processing, ensuring optimal sperm
quality and functionality. Furthermore, it would be valuable to assess the usefulness of
microfluidics sperm separation devices on poorer quality semen samples. By testing the
performance of the devices on samples with lower sperm quality parameters, such as
reduced motility or abnormal morphology, the efficacy of microfluidics sperm
separation in challenging scenarios can be evaluated. This assessment will provide
valuable insights into the device's ability to select the most viable and functional sperm
from suboptimal semen samples, potentially expanding the range of patients who can

benefit from this technology.

D) Integration of OCT with time-lapse system for more in depth morphokinetic
monitoring of embryos. Furthermore, it would be valuable to investigate the potential
influence of infra-red irradiation on oocyte fertilization capacity and embryonic

development. By conducting controlled experiments and assessing the effects of infra-
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red irradiation on various aspects of the fertilization process, such as sperm-oocyte
interactions, fertilization rates, and subsequent embryonic development, we can gain
insights into the impact of this technology on embryo selection and reproductive

outcomes.
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10. Appendix Section

10.1. Survey Preview
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Beyond semen analysis: which sperm
characteristics are useful in diagnosing
and managing male infertility?

Page 1

Thank you for participating in this survey! We are a team of andrologists and reproductive
geneticists from the University of Kent, working on improving diagnostic testing for male
infertility.

This survey aims to assess how urologists use standard semen analysis data to
diagnose and manage infertility in their male patients, to discover which additional sperm
tests are useful (and why), and identify potential new avenues for test development that
may be of use. The survey will take approximately 15 minutes to complete and your
responses will be collected anonymously.
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Page 2. Section A: Use of semen analysis in your practice

1. What country do you practice in?

1

Afghanistan
Akrotiri

Albania

11

Algeria

1

American Samoa

1

Andorra

1

Angola

1

Anguilla

1

Antarctica

1

Antigua and Barbuda

1

Argentina

1

Armenia
Aruba

1 7

Ashmore and Cartier Islands

1

Australia

1

Austria

1

Azerbaijan

1

Bahamas, The

1

Bahrain

1

Bangladesh

1

Barbados

1

Bassas da India

1

Belarus

1

Belgium

1

Belize

1

Benin

1

Bermuda
Bhutan

1
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Bolivia

Bosnia and Herzegovina
Botswana

Bouvet Island

Brazil

British Indian Ocean Territory

British Virgin Islands
Brunei

Bulgaria

Burkina Faso

Burma

Burundi

Cambodia

Cameroon

Canada

Cape Verde

Cayman Islands
Central African Republic
Chad

Chile

China

Christmas Island
Clipperton Island
Cocos (Keeling) Islands
Colombia

Comoros

Congo, Democratic Republic of the

Congo, Republic of the
Cook Islands
Coral Sea Islands

Costa Rica
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Cote d'lvoire
Croatia

Cuba

Cyprus

Czech Republic
Denmark

Dhekelia

Djibouti

Dominica
Dominican Republic
Ecuador

Egypt

El Salvador
Equatorial Guinea
Eritrea

Estonia

Ethiopia

Europa Island
Falkland Islands (Islas Malvinas)
Faroe Islands

Fiji

Finland

France

French Guiana
French Polynesia
French Southern and Antarctic Lands
Gabon

Gambia, The

Gaza Strip

Georgia

Germany
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Ghana
Gibraltar
Glorioso Islands
Greece
Greenland
Grenada
Guadeloupe
Guam
Guatemala
Guernsey
Guinea
Guinea-Bissau
Guyana

Haiti

Heard Island and McDonald Islands
Holy See (Vatican City)
Honduras
Hong Kong
Hungary
Iceland

India

Indonesia

Iran

Iraq

Ireland
Isle of Man
Israel

ltaly

Jamaica

Jan Mayen

Japan
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Jersey

Jordan

Juan de Nova Island

Kazakhstan
Kenya
Kiribati
Korea, North
Korea, South
Kuwait
Kyrgyzstan
Laos

Latvia
Lebanon
Lesotho
Liberia
Libya
Liechtenstein
Lithuania
Luxembourg
Macau
Macedonia
Madagascar
Malawi
Malaysia
Maldives
Mali

Malta

Marshall Islands

Martinique
Mauritania

Mauritius
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Mayotte

Mexico

Micronesia, Federated States of

Moldova
Monaco
Mongolia
Montenegro
Montserrat
Morocco
Mozambique
Namibia

Nauru

Navassa Island
Nepal
Netherlands
Netherlands Antilles
New Caledonia
New Zealand
Nicaragua
Niger

Nigeria

Niue

Norfolk Island

Northern Mariana Islands

Norway

Oman

Pakistan

Palau

Panama

Papua New Guinea

Paracel Islands
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Paraguay

Peru

Philippines

Pitcairn Islands
Poland

Portugal

Puerto Rico

Qatar

Reunion

Romania

Russia

Rwanda

Saint Helena

Saint Kitts and Nevis
Saint Lucia

Saint Pierre and Miquelon
Saint Vincent and the Grenadines
Samoa

San Marino

Sao Tome and Principe
Saudi Arabia
Senegal

Serbia

Seychelles

Sierra Leone
Singapore

Slovakia

Slovenia

Solomon Islands
Somalia

South Africa
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South Georgia and the South Sandwich Islands

Spain
Spratly Islands
Sri Lanka
Sudan
Suriname
Svalbard
Swaziland
Sweden
Switzerland
Syria
Taiwan
Tajikistan
Tanzania
Thailand
Timor-Leste
Togo
Tokelau

Tonga

Trinidad and Tobago

Tromelin Island

Tunisia
Turkey

Turkmenistan

Turks and Caicos Islands

Tuvalu
Uganda

Ukraine

United Arab Emirates

United Kingdom

United States
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B

2.a.

Uruguay
Uzbekistan
Vanuatu
Venezuela
Vietnam

Virgin Islands
Wake Island
Wallis and Futuna
West Bank
Western Sahara
Yemen

Zambia

Zimbabwe

Describe your practice (tick any that apply)

Government-run/public health urology clinic
Private urology clinic

Government-run/public health andrology clinic
Private andrology clinic

Other

If you selected Other, please specify:

3. Why is a semen analysis important? (tick any that apply)
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1

Indicator of obstruction of the male reproductive tract

1

Indicator of male accessory gland dysfunction

1

Indicator of testicular dysfunction

1

Indicator of infection/inflammation

1

Indicator of immunological infertility

1

Indicator of toxin exposure

1

Indicator of genetic infertility

1

Indicator of other pathology (other, please specify)
Other

1

3.a. Ifyou selected Other, please specify:

4. How relevant are the parameters presented below in a semen analysis?

not at all slightly moderately very

relevant relevant relevant relevant
Motility . r . C
Morphology C - o C
Appearance C C C @
pH . r . C
Volume o - . -
Antibodies C r . C
Leukocytes C r . C
Round cells o - . -
Vitality C e ~ ~
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4.a. Please share any comments on the utility of different semen parameters in
diagnosis

250



Page 3. SECTION B: Which types of follow-up tests do you
use?

Have you referred patients for any of the following types of test?

5. Sperm aneuploidy testing

c Yes

~ No

5.a. Approximately how many referrals do you make per year for this type of test?

— 1-5
6-10
11-25

— 26+

~

~

5.a.l. Please indicate the main reasons for referral

5.b. Please indicate one or more reasons why this test is not useful for your patients

1

| am unfamiliar with this test

| am unaware that this test is available

1

This type of test is never useful / is not medically informative

| would use this test but it is not cost effective

1

| would use this test if it were more readily available

1

It is not appropriate for my patients
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I Other

5.b.i. If you selected Other, please specify:

6. Sperm DNA fragmentation testing

- Yes

~ No

6.a. Approximately how many referrals do you make per year for this type of test?

~

Es
6-10
11-25
~ 26+

D

6.a.i. Please indicate the main reasons for referral

6.b. Please indicate one or more reasons why this test is not useful for your patients

I~ | am unfamiliar with this test

I~ | am unaware that this test is available
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[~ This type of testis never useful / is not medically informative
I~ I'would use this test but it is not cost effective

I~ lwould use this test if it were more readily available

[~ Itis not appropriate for my patients

[~ Other

6.b.i. If you selected Other, please specify:

7. Sperm oxidative damage testing (ROS test)

- Yes
~ No

7.a. Approximately how many referrals do you make per year for this type of test?

1-5
6-10
11-25
26+

50D D D

7.a.l. Please indicate the main reasons for referral
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7.b. Please indicate one or more reasons why this test is not useful for your patients

1

| am unfamiliar with this test

1

| am unaware that this test is available

1

This type of test is never useful / is not medically informative

1

| would use this test but it is not cost effective

1

I would use this test if it were more readily available

1

It is not appropriate for my patients
Other

1

7.b.i. Ifyou selected Other, please specify:

8. Any other followup test of sperm characteristics

— Yes

~ No

8.a. Yes (please specify which test, approximate number per year and reasons for
referral)

254



Page 4. SECTION C: Which sperm tests are most useful to
you and why?

9. Which types of DNA damage are most important to measure?

Not at all Slightly Moderately Very Don’t
relevant relevant relevant relevant know
Double strand
o e e e e
breaks (DSBSs)
Single strand breaks
r e e e e
(SSBs)
Oxidised bases o e e e e
Adducts o e e e e
Abasic sites C e C e e

9.a. Please share any comments on the use of sperm DNA damage measurement in
diagnosis and management of male infertility

10. Which of the following sperm DNA damage assays have you used and why? (tick
all that apply)

I~ Sperm Chromatin Structure Assay (SCSA)

[~ Acridine Orange test

[~ Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
I~ Sperm Chromatin Dispersion assay (SCD / Halosperm)

I~ SpermComet

™ None of the above
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I~ Other

10.a. Ifyou selected Other, please specify:

11. Would it be useful for andrology service providers to to provide a “suite” of different
DNA fragmentation tests to facilitate a holistic overview of sperm DNA damage?

- Yes

~ No

11.a. Ifyes, which tests are most important to include and why?

12. Are there any existing sperm tests (named above or otherwise) that you would like
your patients to have better access to?

13. Are there any other critical aspects of sperm health that are not adequately tested at
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present?
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Page 5: Thank you

Thank you once again for your time. Your answers will be used to understand how
semen analysis and other sperm tests are used by urology professionals to diagnose and
manage infertility, and to identify unmet needs in the community.
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