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Abstract 

Over recent years, the application of assisted reproductive techniques in the treatment of 

infertility has increased exponentially, yet these methodologies still remain inherently 

inefficient.  It has long been established that the single greatest obstacle to improving the 

success of these treatments is determining the quality of the oocytes used.  However, 

currently the methods available for oocyte assessment are mainly qualitative, and suffer due 

to a lack of standardisation.  As such, the efficiency of fertility treatments could benefit from 

the introduction of a rigorous quantitative measure of oocyte quality and maturation. 

The principal aim of this thesis was to determine the potential of Raman spectroscopy when 

applied to the field of oocyte biology.  Consequently, this thesis addressed three main areas 

of investigation: I. the intra-oocyte biochemical variation; II. the biochemistry of oocyte 

maturation; and finally, III. the effect of environment on the mature oocyte in vivo and 

in vitro. 

I. To investigate the presence of intra-oocyte biochemical variation, oocytes from various 

stages of development were analysed using high resolution Raman mapping, in combination 

with univariate and multivariate analysis. Images revealed variation between the germinal 

vesicle and ooplasm in immature oocytes, as well as intra-ooplasmic variation in all oocytes. 

II. The spectral analysis of oocytes derived from pre-antral and in vitro cultured follicles 

revealed significant variation:  It was found that Raman spectroscopy could successfully 

discriminate between immature and mature oocytes.  

III. Finally, the spectral analysis of oocytes derived from unstimulated and stimulated 

ovulation cycles, as well as those derived from in vitro follicle cultures, revealed that 

although biochemically similar, in vitro matured oocytes demonstrated reduced protein 
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content.  Furthermore, greater spectral variation was observed in superovulated oocytes, 

which was found to describe the corresponding morphological quality. 

In conclusion, this thesis has demonstrated the effective application of Raman spectroscopy 

to the study of fixed murine oocytes.  Raman mapping experiments have demonstrated this 

technique for the visualisation of biochemical variation which exists within the oocyte.  

Furthermore, using Raman spectroscopy, the identification of the biochemical variation 

resulting from different maturation mechanisms has been achieved, as has the discrimination 

of immature and mature oocytes.  These results indicate that Raman spectroscopy holds 

promise as a quantitative analysis method in the field of fertility treatment. 
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Chapter 1 

Literature Review:  The Oocyte 

 

 

 

 

            

It has been established that the single greatest obstacle to improving the success of in vitro 

fertilisation is determining the quality of the oocytes used.  As such, this literature review 

will introduce the subject of oogenesis and the growth and maturation of the murine oocyte 

and its associated follicle.  Following this, a critical review of current methodology for 

assessing oocyte and embryo quality will be presented. 
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1.1 Infertility and Its Treatment 

The UK’s Human Fertilisation and Embryology Authority (HFEA) report that 1 in 7 couples 

have problems conceiving.  Whilst many couples can improve their chance of conception by 

following simple medical advice relating to nutrition, alcohol consumption and stress 

reduction, for others there exists some physiological problem which affect their fertility, and 

ultimately their ability to conceive.  These problems are normally grouped into the following 

categories of infertility; male factor, female factor, combination factor and unidentified.  

Male factor infertility accounts for approximately 30 % of all infertility, and can include 

problems such as low sperm counts or motility.  Similarly, 28 % of all infertility results from 

female factor infertility[1].  Conditions affecting the uterus, endometriosis, ovulation 

problems, or most commonly, blocked or damaged fallopian tubes can be the cause in these 

cases.  Until relatively recently, couples who experienced the aforementioned problems 

would have been unable to conceive.  However, since the advent of assisted reproductive 

techniques (ARTs) in the mid-1970s many of these couples now have that opportunity. 

1.1.1 Application of ARTs in the Treatment of Infertility 

In vitro fertilisation (IVF) involves the laparoscopic collection of female germ cells, called 

oocytes, which are then fertilised and cultured in the laboratory for several days, before the 

embryo is finally implanted in the uterus.  This method was developed in the mid-1970s and 

in 1978 lead to the first live birth using ARTs.  Since this milestone, there has been 

significant growth in both the number of treatment options and the uptake of fertility 

treatments, with a reported 3 million babies having been born worldwide using ARTs.  

Conventional IVF remains the most popular treatment option in the UK, with around 18,500 

women undergoing this treatment in 2006[2].  However, intra-cytoplasmic sperm injection 

(ICSI) which was introduced in 1991[3] , whereby a single sperm is injected directly into the 

oocyte,  now accounts for 48 % of all fertility treatments performed in the UK[1]. 
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Over the last two decades, advancements in the understanding of infertility and an increase 

in demand for more specialised treatment options, has led to the development of numerous 

new techniques, each of which aims to address a specific clinical need.  For example, in vitro 

maturation of oocytes, which involves the collection and culture of immature oocytes, was 

primarily introduced as a treatment option for women, such as those with polycystic ovarian 

syndrome (PCOS), who were at risk of ovarian hyper-stimulation syndrome (OHSS) during 

ordinary IVF cycles.  Similarly, cryopreservation protocols for the long-term storage of both 

oocytes and embryos have been developed in an effort to preserve the fertility of women 

undergoing treatment for other conditions, such as cancer.  

1.1.2 Existing Issues Surrounding ARTs  

Although significant progress has been made in the field of fertility treatment, much about 

the growth and development of gametes and embryos in vivo is still not fully understood.  As 

such, there have been questions raised about the safety and developmental implications of 

some of the treatment protocols.  The use of ovarian stimulation, by administration of 

gonadotrophins which exceed physiological levels, is routinely used to increase the number 

of oocytes recruited for maturation in the ovary.  However, aside from the risk of inducing 

OHSS, the implications of this treatment in the selection and subsequent developmental 

competence of oocytes is still in question.  Similarly, the impact of in vitro culture on the 

highly orchestrated processes of oocyte maturation and embryo development is far from 

resolved.  The poor efficiencies observed in treatments using frozen oocytes also suggest that 

the impact of the cryopreservation process on developmental competence needs to be 

addressed.  Perhaps, more significantly, the impact on the long term development and health 

of offspring born through the application of ARTs needs to be monitored, as an increase in 

the incidence of some congenital disorders has been reported in children born using these 

methodologies[4-6]. 
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1.2 The Ovary  

1.2.1 The Formation and Structure of the Ovary 

During foetal development in the mouse, sexual differentiation of the sexual organs, or 

gonads, does not occur until around 10.5 -12.5 days post-coitus (dpc), when the expression 

of the Sry gene initiates the formation of male gonads, or testes.  In the absence of Sry 

expression, the female gonads, or ovaries, form through the differentiation of the bipotential 

gonads[7].  The ovary is the location of the formation, growth and maturation of female 

germ cells, termed oocytes.  As the oocytes develop, they are encapsulated by somatic cells 

(granulosa cells), in units known as ovarian follicles.  In the mouse, the ultrastructure and 

organisation of the ovary changes significantly after birth.  The follicle-encapsulated oocytes 

are separated by highly vascularised connective tissue, called stroma, and each follicle is 

surrounded by a basement membrane, as illustrated in Figure 1.1.  At any one time, only a 

small proportion of the available follicles will be actively growing, with the rest being held 

in a suspended state awaiting recruitment to the growing pool.  

 

Figure 1.1 – Illustration of the ultrastructure of an ovary from a 14 day-old mouse, showing the 

localisation of oocytes(asterisk);granulosa cells (GC); basement membranes (arrow); follicles 

(dashed circle); and stroma (S).  Image adapted from [8]. 

*

GC

S
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1.2.2 The Ovarian Reserve 

Unlike the male germ line which is continuously produced throughout life, there exists from 

birth a fixed ovarian reserve of oocytes.  Although, it should be noted that recent 

publications have reported the possible existence of germ-line stem cells in the mammalian 

ovary which may be capable of subsequent oocyte production[9-11], but these publications 

remain highly controversial.  In the mouse, the ovary contains approximately 8000 oocytes at 

birth[12].  However, approximately 75 % of these will be lost to apoptosis or expelled from 

the ovary during the first few weeks post-partum[13].  Throughout reproductive life, the 

remaining oocytes and their associated ovarian follicles will be continuously recruited to the 

growing pool.  However, only a small proportion of those recruited will reach ovulation; the 

others will undergo apoptosis and degrade, which in the ovary is termed atresia. 

1.3 The Follicle and Folliculogenesis 

The ovarian follicle is essential to the successful growth and maturation of competent 

oocytes. It has been observed that oocytes with no associated follicle ultimately undergo 

atresia.  The purpose of the follicle is to nourish and control the development of the 

oocyte[14].  Yet, the role of the oocyte in follicular development is not passive; it has been 

shown that the oocyte plays a significant role in the regulation of follicular, and thus its own, 

development by secreting oocyte-specific factors.   As such, this section will discuss the 

structure, development and recruitment of the ovarian follicle following which, attention will 

be turned to the oocyte and its development in Section 1.4. 

1.3.1 The Structure of the Ovarian Follicle 

At birth, in the mouse ovary, almost all oocytes are completely nude of somatic cells[13] and 

exit as germ cell clusters within the ovary[15].  Shortly after birth, these germ cell clusters 

break down, resulting in significant oocyte loss.  The remaining oocytes, which are held in 
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meiotic arrest, each become associated with a few flattened somatic, or pre-granulosa, cells 

and are enclosed by a basement membrane.  This process represents the first stage of 

folliculogenesis, and marks the formation of primordial follicles.  This population of 

primordial follicles represents the ovarian reserve of the individual, only a small proportion 

of which will eventually be ovulated. 

Upon formation, primordial follicles enter a quiescent phase, which in some cases will 

persist until near the end of the reproductive life span.  However, a small number of 

primordial follicles are continuously recruited to enter into the pre-antral growth phase. The 

first visible signs of follicle recruitment are an increase in the number and shape of granulosa 

cells[16].  The presence of a single layer of cuboidal granulosa cells surrounding the oocyte 

indicates entry into the growing pool and signifies the transition from primordial to primary 

follicle (Figure 1.2a).  Upon entering into the slow pre-antral growth phase, the granulosa 

cells which comprise the primary follicle undergo extensive proliferation.  Additionally, 

vascularised layers of thecal cells are formed outside of the basement membrane from the 

interstitial stroma cells. The appearance of two or more layers of granulosa cells signifies the 

formation of the pre-antral follicle (Figure 1.2b).  In the mouse, the pre-antral follicle will 

reach approximately 200 m in diameter by the end of the pre-antral growth phase[17]. 

 

Figure 1.2 – Examples of (a) primordial, primary and (b) early pre-antral follicles in a murine ovary.  

Primordial follicles comprise an oocyte (o), surrounded by flattened granulosa cells (arrow) while 

primary follicles display cuboidal granulosa cells (arrowhead); scale bar represents 20 m.  Pre-

antral follicles display more than one complete layer of cuboidal granulosa cells and an emerging 

thecal layer; scale bar represents 50 m (images recreated from [18]). 

(b)(a)
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Figure 1.3 – Examples of (a) antral and (b) Graafian follicles in a murine ovary.  Antral follicles are 

characterised by the formation of a fluid filled cavity (arrow); scale bar represents 100 m.  Graafian 

follicles display a distinct cumulus granulosa cell layer around the oocyte (arrowhead); scale bar 

represents 200 m (images recreated from [18]). 

Although most of the follicles which are recruited to the growing pool reach the late pre-

antral stage, only those which are advanced in their growth, and highly vascularised, will 

make the transition to antral formation.  Regardless of species, the transition from pre-antral 

to antral follicle occurs when approximately 2000 – 3000 granulosa cells comprise the 

follicle. At this point, fluid begins to accumulate in the small spaces between granulosa cells, 

eventually coalescing to form a large fluid filled antral cavity (Figure 1.3a)[19].  

Concurrently, the granulosa cells undergo rapid proliferation and differentiation to form two 

populations; the cumulus cells which enclose the oocyte and the mural cells which remain 

adjacent to the basement membrane.   

Of the follicles which enter the antral growth phase, only a species-specific number will 

ultimately reach ovulation while the others, termed subordinate follicles, undergo atresia. 

The selection of the follicles destined for ovulation is achieved through the establishment of 

follicular dominance, one characteristic of which is a higher level of vascularisation.  In the 

dominant follicle, rapid expansion of the antral cavity occurs, separating the two populations 

of granulosa cells.  The cumulus-enclosed oocyte becomes fully enveloped by the expanding 

follicular fluid, and only remains connected to the mural cells, on the basement membrane, 

(b)(a)
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by a thin stalk of cells (Figure 1.3b).  This characteristic follicle is termed the Graafian, or 

pre-ovulatory, follicle and it contains an oocyte which is fully competent to resume meiosis. 

1.3.2 Regulation of Follicle Recruitment and Growth 

As has been previously discussed, the development of oocytes and their associated ovarian 

follicles is a bidirectional process.  During folliculogenesis, communication between the 

oocyte and the surrounding granulosa cells is enabled by the formation of gap junctions in 

the oocyte membrane.  These facilitate the transport of non-soluble nutrients, metabolic 

precursors and other molecules, from the outset of folliculogenesis.  

Upon recruitment, follicles are committed to the process of continual growth, and 

consequently will either be selected for ovulation or undergo atresia.  As such, the control of 

follicle recruitment is essential to the maintenance of ovarian reserves throughout 

reproductive life.  The process by which primordial follicles are selected to enter the growing 

pool remains unclear.  However, it is generally recognised that primordial follicle activation 

is regulated by a balance between inhibitory and stimulatory factors, while being 

independent of gonadotrophin stimulation.  Amongst others, the granulosa cell derived anti-

Müllerian hormone (AMH)[20] and kit ligand (KL)[21, 22] and the oocyte-specific 

PTEN[23] have all been implicated in the control of primordial follicle transition in the 

mouse (Figure 1.4).   

Progression through the pre-antral phase of follicular growth is reported to occur in the 

absence of direct extra-ovarian hormonal stimuli[24], instead resulting from the direct 

interaction of the oocyte and surrounding granulosa cells[25].  In particular, research has 

shown growth differentiation factor 9 (GDF9), an oocyte-specific member of the 

transforming growth factor-beta (TGF-) superfamily to be essential to the regulation of 

granulosa cell function and follicular development[26]. 
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Figure 1.4 –The factors (detailed in red) which have been identified to play a significant role in the 

progression of murine folliculogenesis are illustrated (image adapted from[25]). 

In contrast to the earlier stages of follicular development, progression from the pre-antral to 

antral growth phase and beyond is dependent upon the secretion of the pituitary hormones 

follicle stimulating hormone (FSH) and luteinising hormone (LH).  Most of the follicles 

which are selected to enter the pre-antral growth phase will reach the latter stages, with only 

a few being lost to atresia.  However, only a selection of these follicles is capable of 

responding to the gonadotrophin signals, and thus entering into the antral stage of follicular 

growth.   

1.4 The Oocyte and Oogenesis 

1.4.1 Meiosis: Creation of the Germline 

The oogonia, which are the precursors of the oocyte, contain one maternal and one paternal 

copy of each chromosome, which together are referred to as a homologous pair.  As a result, 

the oogonium is classified as being a diploid cell.  However, in order to maintain the correct 

chromosomal complement upon fertilisation, the number of chromosomes in both the male 

and female germ cells must be reduced by half, so they only contain one copy of each 

chromosome.  The process by which this is achieved is termed meiosis and the resulting 

germ cell is classified as a haploid cell.  In the female, meiosis involves two nuclear 

divisions, and results in the formation of one diploid and two haploid daughter cells, as 

illustrated in Figure 1.5. 
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Figure 1.5 – Illustration of the progression of meiosis in the oocyte.  For simplicity, the reduction in 

chromosomal complement and cellular division are shown for a single homologous pair.  

Prior to the initiation of meiosis DNA replication occurs, such that each chromosome is 

duplicated.  The two identical chromosomes are known as sister chromatids and behave as a 

unit during meiosis.  Each of the two meiotic divisions consists of four primary stages; 

prophase, metaphase, anaphase and telophase.  Prophase I is the longest and most complex 

stage of meiosis in the female germ line, and is generally regarded as consisting of five 

distinct stages; leptotene, zygotene, pachytene, diplotene and diakinesis.   

The initiation of meiosis is characterised by the condensation of the replicated DNA during 

the leptotene stage.  Following this, at the zygotene stage of the first prophase, the 

homologous chromosomes become associated with one another, in a process called synapsis, 
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to form pairs of chromosomes called bivalents.  Crossing over, whereby genetic material is 

exchanged between homologous chromosomes, occurs during pachytene and finally, during 

the diplotene and diakinesis stages of the meiotic prophase, the homologous chromosomes 

begin to separate once more.  Late in diakinesis the nuclear membrane, or germinal vesicle 

(GV) as it is termed in the oocyte, begins to breakdown.  Concurrently, meiotic spindles 

form at the poles of the oogonium and begin to attach to the chromosomes.  

Metaphase I is characterised by the alignment of the chromosomes in the centre of the 

cytoplasm between the poles, followed by the attachment of the meiotic spindles to the 

chromosomes.  The separation and migration of the homologous pairs indicates progression 

to anaphase I, with the formation of two diploid daughter cells occurring upon completion of 

telophase I, and thus the first meiotic division.  The progression of the second meiotic 

division is analogous to the first.  However, as no DNA replication occurs prior to initiation 

of prophase II the resulting daughter cells are haploid.  In the case of female germ cells, the 

separation of the cytoplasm during telophase I and II is not equal.  Instead, one of the 

daughter cells, the oocyte, is much larger than the other two, which are referred to as polar 

bodies. 

1.4.2 Establishment of Germ Cell Population 

Oogenesis initiates from the primordial germ cell (PGC), which is the precursor of both 

female and male gametes.  In the mouse, the PGCs are first detectable at 7-8 dpc near the 

base of the allantois[27].  Subsequently, over several days the PGCs migrate towards the 

genital ridge, a process thought to be controlled by chemotaxis. During migration their 

numbers increase from approximately 100[28] to 5000[29].  Around 12 dpc the PGCs 

present at the developing gonad are distinguishable from the surrounding epithelial cells.  In 

the female, once established at the developing ovary, the PGCs undergo differentiation and 

lose their motility.  At this point the PGCs are reclassified as oogonia[30]. 
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1.4.3 Oogenesis in the Mouse 

The oogonia proceed through a phase of extensive mitotic proliferation which is completed 

by 13.5 dpc[31].  From day 12 post fertilisation, oogonia begin entering the first meiotic 

prophase and by day 16 almost all oogonia are in the pachytene stage of meiosis I[32].  The 

oogonium becomes a primary oocyte upon initiation of meiosis and the oocyte progresses 

through the leptotene, zygotene and pachytene stages of the first meiotic division before 

arresting at the diplotene stage of meiotic prophase I[17].  In the mouse by day 5 post 

partum, all primary oocytes have reached the diplotene stage of the first meiotic prophase 

and enter into a period of meiotic arrest which will persist until shortly before they are 

ovulated or undergo atresia.  At this stage, the primary oocyte is approximately 15m in 

diameter[33] and is contained within a primordial follicle unit. 

Upon recruitment of the primordial follicle to the pre-antral growth phase, the associated 

oocyte undergoes a period of extensive growth lasting approximately 2 weeks, in the mouse.  

During this time, the oocyte increases in size from 15 m to 80 m[19], which represents a 

150 fold increase in volume.  Upon entering the antral follicular growth phase, the oocyte 

ceases to grow, and enters a period of maturation, during which alterations that are necessary 

for successful fertilisation and subsequent embryonic development occur.  This acquisition 

of competence occurs sequentially and, as such, only mature Graafian follicles contain 

oocytes competent to undergo successful embryonic development (Table 1.1).  

 GVBD MII 2-cell Blastocyst Implantation 

Primordial x x x x x 

Pre-antral √ x x x x 

Early Antral √ √ √ x x 

Graafian √ √ √ √ √ 

 

Table 1.1 – Details of the step-wise acquisition of competence during folliculogenesis. 
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1.4.4 Cytoplasmic Maturation 

Throughout development, the oocyte undergoes significant ultrastructural reorganisation of 

the cytoplasm and, concurrently, molecules which are necessary for successful fertilisation 

and embryo development are sequentially acquired.  These alterations comprise the 

cytoplasmic maturation of the oocyte, an overview of which will now be presented. 

One of the most striking changes which occur during oocyte development is the formation of 

a glycoprotein coat, known as the zona pellucida, which surrounds the oocyte.  The zona 

pellucida is comprised of the structural glycoproteins ZP1, ZP2 and ZP3, which are 

exclusively secreted by the oocyte into the perivitelline space between the oocyte and the 

primordial follicle, upon recruitment to the growing pool.  Structurally, the zona pellucida is 

a 10 m thick coat consisting of long filaments of ZP2-ZP3 dimers which are covalently 

linked by ZP1 molecules[34].  Aside from acting as a barrier to its surrounding environment 

and maintaining structural integrity, the zona pellucida has two primary functions; 

facilitation of fertilisation through sperm binding and prevention of polyspermy, whereby 

multiple sperm fertilise the oocyte.  ZP3 molecules are the site for sperm binding during 

fertilisation while ZP2 molecules facilitate sperm penetration.  Subsequently, the sperm 

block is achieved through the enzymatic modification of the zona pellucida upon sperm 

penetration[30]. 

Throughout the period of maturation, the oocyte sequentially acquires new organelles and 

their distribution within the cytoplasm undergoes extensive change (Figure 1.6).  The fidelity 

of the process of organelle replication is of vital importance to subsequent embryonic 

development, as the zygote inherits its cytoplasm, and thus organelles, almost exclusively 

from the oocyte[30].  In particular, the role of mitochondria in oocyte development and 

competence has attracted significant attention.  During maturation, the morphology and  
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Figure 1.6 – Illustration of the cytoplasmic reorganisation which occurs during oocyte maturation 

(image adapted from [35]). 

distribution of these organelles changes:  Mitochondria in growing oocytes are reported to be 

homogeneously distributed throughout the cortical cytoplasm[36], often becoming closely 

associated with the endoplasmic reticulum, and display an elongated or arched morphology 

with vacuolated cristae[37].  In contrast to those found in the growing oocyte, the 

mitochondria in the mature oocyte display a spherical morphology[38] and are distributed 

evenly throughout the cytoplasm[39].  Furthermore, the mature metaphase II oocyte contains 

significantly more mitochondria, at approximately 100,000 [33].  A dramatic increase in 

ribosome numbers is also observed during cytoplasmic maturation; the mature murine oocyte 

contains approximately 100 million ribosomes[33].  This increase is consistent with the 

increase in RNA and protein synthesis which is observed during maturation.  Conversely, a 

decrease in the quantity of endoplasmic reticulum is observed during cytoplasmic 

maturation. 

Early in the maturation process, the Golgi apparatus migrates to the oocyte cortex and breaks 

up to form multiple units; this transformation is thought to occur in preparation of cortical 

granules production[40].  Cortical granules are oocyte-specific secretory vesicles which 
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comprise a membrane bound mixture of glycoproteins and enzymes which are essential in 

the sperm block reaction.  Initially, they are found to continuously occupy the cortical 

region, with some forming clusters.  However, upon resumption of meiosis, cortical granules 

become more closely associated with the oolemma and are found to be absent from the 

animal pole upon migration of the meiotic spindle[41].  Another structure unique to the 

oocyte of rodents is the fibrous lattices.  These proteinaceous structures become more 

abundant during maturation, and are thought to act as a “mammalian yolk” providing energy 

during embryonic development[33]. 

In addition to organelle proliferation, during cytoplasmic maturation the oocyte accumulates 

a large number of membrane-bound vesicles, glycogen granules, lipid droplets and 

multivesicular bodies which are required for energy storage and molecular transport between 

the oocyte and follicular domains[17]. 

Throughout its development, the oocyte synthesises and absorbs macromolecules.  These 

substances are required, not only for the successful growth and maturation of the oocyte, but 

are also stored for subsequent deployment during early embryonic development.  The most 

marked macromolecular changes results from the rapid increase in transcription and 

translation during oocyte growth.  RNA synthesis increases 300-fold to around 15 fgmin
-1

 

during oocyte growth, with the fully grown oocyte containing approximately 0.3 - 0.5 ng of 

RNA in toto[42]. RNA transcription ceases at this point and will not resume until the 2-cell 

stage of embryonic development.  In the interim, the maternal RNA is degraded such that   

70 % of the total RNA reserve will be lost, with 20% being lost between the resumption of 

meiosis and ovulation[43].  Similarly, protein synthesis increases from around 1 to 40 pgh
-1

 

during oocyte growth, with the fully grown oocyte containing approximately 30 ng of 

protein in toto, 4.5 ng of which comprises the zona pellucida[32].   
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1.4.5 Nuclear Maturation 

The final preparatory stages prior to ovulation involve the nuclear maturation of the oocyte 

which resumes approximately 12 hours prior to ovulation.  This process occurs in response 

to the pre-ovulatory luteinising hormone (LH) surge, and its initiation can be identified by 

the breakdown of the germinal vesicle (GVBD).  The oocyte completes meiosis I, extruding 

a polar body, before progressing to the metaphase of the second meiotic division whereby it 

encounters its second meiotic block.  The oocyte, now termed a MII oocyte, remains arrested 

at this stage until fertilised, upon which it will complete the second round of meiosis and 

extrude the second polar body[44].   

Around the time of the resumption of meiosis, the gap junctions, which exist in the 

oolemma, are terminated preventing further communication between the cumulus cells and 

enclosed oocyte[30].  Indeed, it has been postulated that the termination may remove the 

inhibitory effect which has maintained meiotic arrest.  Additionally, the cumulus cells which 

surround the oocyte undergo “cumulus expansion” during which the cells become more 

loosely packed.  Simultaneously, these cumulus cells start secreting hyaluron which 

produces a muco-elastic extracellular matrix that aids oocyte pick-up by the fimbria, at the 

entry to the fallopian tube[45]. 

1.4.6 The Implications of Manipulating Oogenesis 

The preceding sections have demonstrated the complex and highly orchestrated processes 

which comprise the establishment, maintenance and development of the oocyte and its 

associated follicle.  Despite the significant advances in the understanding of ovarian biology, 

there is still much which remains unclear.  Specifically, the regulation and control of 

follicular recruitment, dominance and oocyte maturation are still not fully understood.  

Consequently, the application and impact of ARTs which involve the manipulation of the 

process of natural selection through the recruitment of follicles which are destined for 
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atresia, the intra-cytoplasmic injection of sperm and the in vitro manipulation of oocytes and 

embryos is still not fully understood.  However, it is clear that the assessment of oocyte 

competence and quality are vital to furthering understanding in this field. 

1.5 The Assessment of Oocyte Maturity and Quality 

At present, the process by which the dominant and subordinate follicle populations are 

established is unclear.  However, it has been postulated that follicular atresia is a method of 

disposing of oocytes and follicles which have an impaired developmental potential.  Many of 

the protocols implemented in clinical ARTs involve ovarian stimulation.  In these cycles, 

many of the follicles which were destined for, and may have already started to undergo, 

atresia are instead recruited for ovulation.  As such, it is unsurprising that the effective 

assessment of oocyte quality and maturity remains a significant hurdle to improving the 

efficiency of these techniques. 

Currently, morphological assessment is the primary method used for quality assessment.  

However, although some would argue that morphological assessment of oocytes prior to 

fertilisation provides some indication of the developmental outcome of the treatment, it is 

certainly not a definitive science.  Firstly, this process is highly subjective and therefore 

prone to human error.  Furthermore, many of the studies which have investigated the 

relationship between oocyte morphology and developmental potential have been conducted 

by different groups using different protocols, chemicals, media and most importantly a 

different cohort of patients.  As such, it is very hard to ascertain the true value of 

morphological assessment and its implementation in IVF labs has most probably persisted 

due to the lack of suitable alternatives.  The purpose of this section is to provide an overview 

of the current methods available for identification of oocyte maturity and quality, both in a 

clinical setting and the research laboratory.  
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1.5.1 The Current Gold Standard: Oocyte Morphology 

Morphological assessment is still used as one of the main methods of quality assessment in 

IVF labs.  However, the extent to which it can prove useful depends upon the type of ART 

procedure to be implemented and the experience of the embryologist[46]. 

Cumulus-Oocyte-Complex Assessment 

In standard IVF cycles the cumulus cells are not removed, making morphological scoring of 

the oocyte difficult. In such cases, scoring is based upon the appearance and expansion of the 

cumulus-oocyte-complex (COC).  During unstimulated cycles, the extent of cumulus 

expansion has been reported to be indicative of oocyte maturity[47].  Similarly, in stimulated 

cycles, despite the asynchronicity of nuclear maturation and cumulus expansion[48, 49], 

increased fertilisation rates have been reported for COCs which are assessed as 

morphological mature[50-53]. 

Extracytoplasmic Assessment 

Although not possible in ordinary IVF cycles, techniques which involve denudation enable 

direct morphological assessment of the oocyte using light microscopy.  Several studies have 

investigated the influence of morphological characteristics external to the oolemma on 

oocyte quality.  In one such study, oocytes displaying a large perivitelline space were 

reported to have reduced capacity for fertilisation and resulted in lower embryo quality[54].  

Conversely, other researchers have found that no relationship exists between 

extracytoplasmic abnormalities, including large perivitelline space, dark zona pellucida and 

shape, and fertilisation rate[55, 56].  

Cytoplasmic Assessment 

For cycles in which oocytes are denuded, considerable attention has been paid to the 

correlation of ooplasm morphology and developmental competence.  Early studies reported 
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no significant effect on fertilisation rate and embryo development in oocytes displaying 

abnormal ooplasm morphology[55-57], although a reduction in implantation was observed in 

one of these studies[57].  In contrast, the presence of inclusions[54], vacuoles[58] and 

aggregated smooth endoplasmic reticulum[59] in the ooplasm have been reported to have a 

negative impact on fertilisation rates.  Furthermore, it has been reported that embryos 

derived from oocytes displaying multiple ooplasm abnormalities are of poorer quality and 

experience delayed cleavage[60].   

Polar Body Assessment 

The presence of the first polar body (PB) is generally regarded as an indication that an 

oocyte is meiotically mature.  As such, the assessment of PB morphology has long been 

proposed as an indicator of oocyte quality.  In an early study, PB fragmentation was found to 

be negatively correlated with embryo quality[54].  Subsequently, a series of studies found 

that the morphology of the first PB was positively correlated with embryo quality, 

fertilisation, implantation and pregnancy rates[61-63].  Although, recent work has indicated 

that first PB morphology is not indicative of developmental outcome[64-66]. 

Summary 

These findings suggest that morphological assessment can provide some indication of oocyte 

developmental competence.  However, it remains that there exist numerous conflicting 

reports as to the efficacy of these methodologies.  It is possible that many of these conflicts 

arise as a result of cumulative effects; for example, the presence of cytoplasmic inclusions 

and large perivitelline spaces has been reported to have a higher incidence in older females, 

who as a population are more likely to present other abnormalities, such as spindle 

disruption.  As such, the contribution of a specific morphological abnormality to the 

developmental competence of an oocyte is difficult to elucidate. 
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1.5.2 Emerging Non-Invasive Techniques  

Birefringence Imaging 

Birefringence is the decomposition of a ray of light into an ordinary and extraordinary 

component upon passing through a highly ordered crystalline substance which shows 

directional dependence, or anisotropy.  These two components travel at different speeds 

through the material, and as such, anisotropic materials possess two different indices of 

refraction.  The difference between these refractive indices is equal to the magnitude of 

birefringence, otherwise known as retardance.  The application of birefringence imaging was 

first reported in 2000 for meiotic spindle visualisation (Figure 1.7a) in mammalian 

oocytes[67].  Since then, many studies have reported significantly higher rates of fertilisation 

and embryo development for oocytes which display a birefringent spindle when compared to 

those in which the spindle does not display birefringence[68-72] .  In particular, this 

technique has attracted significant attention in the field of cryopreservation[73-76], as it is 

known that the freeze-thaw cycle can disrupt the meiotic spindle.  This technique, however, 

is only capable of providing information regarding nuclear maturation; it is not indicative of 

cytoplasmic maturation, and as such should not be applied as the solitary means of selection.  

 

Figure 1.7 – Comparison of (A) birefringent and (B) fluorescence spindle visualisation in a MII 

mouse oocyte[77].  SP and CH denote the meiotic spindle and chromosomes, respectively. 
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Analysis of Follicular Fluid 

Analysis of follicular fluid derived from large and small antral follicles using Fourier-

transform infrared spectroscopy (FTIR) revealed that the biochemical profiles of large 

follicles were more tightly clustered than those of small follicles[78],  indicating that the 

biochemical profile of follicular fluid may be related to oocyte maturity and quality.   

Some researchers have reported a relationship between the concentration of certain 

hormones, including 17-oestradiol[79, 80], progesterone[81], prolactin[82] and luteinising 

hormone[83], and oocyte developmental competence.  Similarly, significant attention has 

been paid to the effect of follicular fluid growth factor concentrations on oocyte quality.  The 

intrafollicular concentrations of selected insulin-like growth factors (IGF) have been 

identified as markers for oocyte maturity and quality[84-86].  The levels of BMP-15[87] and 

AMH[88] in follicular fluid have also been suggested for the determination of oocyte quality 

and developmental potential.  Furthermore, results obtained from the proteomic profiling of 

follicular fluid have indicated that the concentration of lactoferrin[89], leptin[90-92] and free 

amino acids[93] affect oocyte developmental potential.  More recently, metabolomics has 

been used to investigate the temporal changes in follicular fluid composition during 

maturation[78, 94]. 

The analysis of follicular fluids provides an appealing alternative to current methods of 

oocyte selection.  It is entirely non-invasive, as the analysis is performed on material which 

would otherwise be discarded.  However, care would have to be taken not to contaminate the 

fluid during aspiration, as it has been shown that even small quantities of contaminants, such 

as blood, can alter the profile of follicular fluids[95].  Furthermore, as it has been 

demonstrated that ovarian stimulation protocols can affect the composition of follicular 

fluid[96-98], research into the robustness in light of different stimulation protocols would 

have to be completed. 
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Analysis of Culture Media 

A viable alternative to follicular fluid analysis is the investigation of culture media.  To date, 

these methods have been mostly applied to embryo cultures.  Amino acid profiling of spent 

embryo culture media, using HPLC, has shown the profiles of specific amino acids to be 

predictive of embryo development and clinical pregnancy outcome[99-101].  Similarly, the 

near-infrared (NIR) and Raman spectroscopic profiles of spent day 3 and 5 embryo culture 

media have been shown to predict embryo development potential and implantation rates with 

greater success than morphological assessment alone[102-104].  Most recently, NIR 

spectroscopy has been applied to the investigation of oocyte culture media, collected after  4 

hours, for the assessment of maturity and developmental potential[105].  This work reported 

significantly different spectral profiles from MII and MI oocytes and the developmental 

potential of oocytes was predicted with good sensitivity and specificity.  Although 

significant spectral variation was observed within each group, this technique still shows 

significant promise. 

1.5.3 A Stage Further:  Genetic Profiling 

It has long been established that cumulus cells play a critical role in the support of oocyte 

growth and maturation.  As such, the alteration of gene expression during this process has 

been suggested as a method for determining oocyte quality and developmental competence.  

In particular, the cumulus expression of the hyaluronan synthase 2 (HAS2), gremlin1 

(GREM1), cyclooxygenase 2 (COX2; PTGS2)[106, 107], pentraxin 3 (PTX3)[108], 

cathepsin[109] and progesterone receptor s (PGR) [110] have all attracted attention.  

However, to date the number of samples included in these studies has not been large enough 

to indicate a true predictive outcome.  

Another technique which addresses the issue of genetic abnormalities in the gamete is that of 

polar body biopsy (PBB).  This method involves the removal and genetic profiling of the 
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first and/or second PB.  Its most common application is that of aneuploidy testing but it has 

also been used in the screening of specific autosomal dominant[111] and X-linked 

disorders[112].  However, this method only really provides information regarding the genetic 

quality of the oocyte; it provides no information regarding the paternal genetic 

contribution[113].  

1.6 Raman Spectroscopy for Oocyte Analysis? 

It has been established that the process of oocyte growth and maturation involves a series of 

highly orchestrated biochemical and ultrastructural modifications.  At present, there exist 

many methods to investigate the localisation and quantisation of specific molecules and 

organelles within the oocyte.   However, in many cases, these techniques require extensive 

sample preparation and can compromise the integrity of the sample, thus preventing further 

investigation.  Conversely, Raman spectroscopy, which is a technique that detects the 

vibrations of the functional groups within molecules, provides a method for the investigation 

of biochemical modifications without the need for complicated sample preparation.  

Furthermore, this technique has attracted significant attention in the field of bioanalysis due, 

in part, to its ability to provide a biochemical “fingerprint” of all the macromolecules present 

at a specific location and relatively high spatial resolution (< 1 m). 

1.7 Conclusions 

Over recent years, the application of ARTs in the treatment of infertility has increased 

exponentially, yet these methodologies still remain inherently inefficient.  It has long been 

established that the single greatest obstacle to improving the success of these treatments is 

determining the quality of the oocytes used.  Currently, morphological assessment is 

routinely used for quality assessment, but this method is highly subjective.  Undoubtedly, the 

efficiency of fertility treatments could benefit from the introduction of a rigorous 
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quantitative measure of oocyte quality and maturation.  The strong research effort to identify 

alternative methods has lead to some promising techniques, although in many cases more 

extensive studies, incorporating larger patient cohorts, are required. 

The principal aim of this thesis was to determine the potential of Raman spectroscopy when 

applied to the field of oocyte biology.  Consequently, the primary goals of this work were:   

I. To establish if Raman spectroscopic mapping could be used to elucidate the 

intra-cytoplasmic biochemical variation at different stages of oocyte and embryo 

development and, as such, provide a method to further ovarian research.   

II. To ascertain if Raman spectroscopy could be used to monitor the changes which 

occur during oocyte maturation in vivo and in vitro, with a view to developing a 

quantitative method for assessment of oocyte maturation. 



 

 

 

 

 

 

 

 

Chapter 2 

The Theory and Application of Raman Spectroscopy 

in the Field of Bioanalysis 

 

 

            

Raman spectroscopy, although now widely applied to the study of biological samples, is still 

one of the less well recognised spectroscopic techniques.  As such, the purpose of this 

chapter is to introduce the reader to the theory of molecular vibrations, light scattering and 

Raman spectroscopy.  Furthermore, current and past applications in the fields of biology 

and medicine will also be discussed in order to demonstrate its potential and limitations as a 

diagnostic technique. 
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2.1 Introduction 

In order to further the understanding of oocyte biology, and ultimately improve the 

efficiency of ARTs, it is necessary to explore the application of techniques which enable the 

non-invasive analysis of both morphological and biochemical characteristics of the oocyte.  

Whilst histological methods and immunoassays remain essential, they require significant 

sample preparation and often are not practical for time lapse analyses.  Rapid advances in 

image processing methods and optical elements have led to high resolution microscopic 

imaging methods.  However, in the absence of fluorophores, they are capable of providing 

little chemical information.  Although, there are techniques, such as the birefringence 

imaging discussed in the previous chapter, which are capable of providing more detailed 

information non-invasively, many only allow investigation of particular components within 

the oocyte.  Conversely, Raman spectroscopy, which has been routinely applied to the 

analysis of biological specimens, is a minimally-invasive technique which is capable of 

providing a complete “biochemical fingerprint” of a sample. 

Firstly, this chapter will provide a brief introduction to the theory and principles of Raman 

micro-spectroscopy; for a more in depth consideration of this technique a number of 

comprehensive texts are available [114-116].  Secondly, in an effort to illustrate the potential 

of this technique in the analysis of biological specimens, an overview of the application of 

Raman spectroscopy in the field of bioanalysis will be given. 

2.2 The Theory of Raman Spectroscopy 

When a sample is illuminated, the incident photons can interact with the sample in a number 

of ways:  The photons may be absorbed, transmitted, reflected, or scattered.  There exist 

several types of scattering process.  On a fundamental level, scattering describes photons 

which are deflected along a path which differs from the incident path.  There exist two types 
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of scattering: elastic and inelastic.  Elastic, or Rayleigh, scattering refers to photons which 

are scattered without any significant exchange of energy.  Conversely, inelastic scattering 

occurs when there is a transfer of energy between the photon and the material upon which 

the illumination falls.  It is this inelastic scattering which is measured in the Raman process.  

However, the process of Raman scattering is inherently weak; of the incident photons, 

approximately 1 in 1000 will be Rayleigh scattered, whilst only 1 in 10,000,000 photons will 

be Raman scattered.  The process of scattering can be described by considering the 

interaction of the incident photons with the molecules which comprise the sample. 

2.2.1 Molecular Quantum Mechanics 

To fully appreciate the process of Raman scattering, we must first understand the quantised 

nature of the molecules’ energy levels.  Every molecule consists of a number of electronic 

states, each of which contains a finite number of vibrational and rotational states which can 

only take values that are equivalent to the energy required to induce a stable vibration or 

rotation in that molecule.  The energy which is associated with a single vibration between 

two intramolecular atoms is a function of the internuclear separation of the two atoms:  As 

this separation increases, so does the associated energy of vibration, until a point is reached 

at which the atoms are essentially free of one another.  Conversely, as the internuclear 

separation decreases, the associated energy decreases until the nuclei become too close that 

they are repelled by one another.   

The Morse curve, as illustrated by Figure 2.1, pictorially describes the energy associated 

with the change in internuclear separation for a single electronic state of a given molecule.  

In Figure 2.1, the horizontal lines represent the possible vibrational states for an electronic 

state of a given molecule.  The ground vibration state, in which no vibration is taking place, 

is denoted by 0.   
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Figure 2.1 – Morse curve showing the change in energy associated with increasing internuclear 

separation between vibrational energy level.  The curve describes the change in energy which is 

associated with increasing internuclear separation during bond vibration. 

2.2.2 Qualitative Description of Raman Scattering 

In order to understand the process of scattering, it is necessary to recognise that the energy of 

a photon is a function of its frequency:  If an incident photon has frequency 0, then it is 

possible to define its energy using Equation 2.1, where the energy of the photon, E, is the 

product of the photon’s frequency, , and Plank’s constant, h. 

𝐸 = 𝑕𝑣0 
Equation 2.1 

Fundamentally, the interaction of a photon and molecule may be considered as an unstable 

transitory, or virtual, complex formed between the incident photon and the distorted energy 

levels of the molecule.  Upon illumination, the interaction between the incident photons and 

the molecules, which comprise the sample, can result in the distortion of the electron clouds 

which surrounds the nuclei.  This distortion results in the polarisation of the electron cloud 

and is a short-lived phenomenon whereby the molecule is raised to a higher energy, or 

virtual, state.  At this specific point in time, the energy of the photon can be said to have be 
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transferred to the molecule.  However, this virtual complex is unstable and as such, leads to 

the rapid release, or scattering, of energy in the form of a photon.   

In the case of Rayleigh scattering, upon breakdown of the virtual complex no nuclear 

movement is induced and so the incident photon’s energy is conserved.  Consequently, the 

photon released has the same energy, and therefore frequency, as the incident photon, and 

the molecule returns to its original vibrational level which is most often the ground state.  

Conversely, in the case of Raman scattering, upon breakdown of the virtual complex nuclear 

movement is induced, which in turn leads to a bond vibration.  In such cases, a significant 

energy transfer will take place between the photon and molecule, resulting in a frequency 

shift of the scattered photon.   

Most commonly, the energy is transferred from the photon to the molecule.  In such cases, 

upon release of the photon, the molecule returns to an excited vibrational level and the 

released photon has a new energy equal to that of the incident photon less the energy 

required to induce the bond vibration.  Thus, the scattered photon has a lower frequency.  

This type of scattering process is termed Stokes Raman scattering.  The reverse, however, is 

possible whereby the molecule is already in an excited state before complex formation and 

the transfer of energy is to the scattered photon.  Upon release of the photon, the molecule is 

returned to a lower vibrational level and the photon released has a higher energy.  This type 

of scattering, which leads to the release of a photon with a higher frequency, is termed anti-

Stokes Raman scattering.   

A simpler form of the Morse curve, known as a Jablonski diagram, can be used to represent 

the process of scattering in a more accessible form, thus enabling a direct comparison of the 

three scattering processes.  As an illustrative example, Figure 2.2 depicts a Jablonski 

diagram for the vibrational energy levels required to induce a single arbitrary bond vibration 

in a molecule. 
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Figure 2.2 – Jablonski diagram which illustrates the transfer of energy during Rayleigh, Stokes and 

anti-Stokes Raman scattering.  It should be noted that the scale of this diagram has been altered for 

clarity; the energy between the electronic states is far greater than is suggested by this diagram. 

In the case of Raman scattering, the same vibrational energy levels are involved whether the 

scattering is Stokes or anti-Stokes.  As such, the energy transferred from a photon in Stokes 

Raman scattering is equal to the energy transferred to the photon in anti-Stokes Raman 

scattering, giving rise to a symmetrical spectrum about the Rayleigh line, as illustrated by 

Figure 2.3 .   However, at ambient temperature, the intensities of the anti-Stokes lines are 

less than their Stokes equivalents.  This is true because anti-Stokes Raman scattering 

requires the molecule to exist in an excited vibrational state, an event which is less common 

at ambient temperature.  
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Figure 2.3 – Illustration of the symmetrical nature of Stokes and anti-Stokes Raman scattering about 

the Rayleigh, or zero shift, line.  Note the anti-Stokes scattering has lower intensity than its Stokes 

counterpart due to the ground vibrational state being more highly populated at room temperature. 

It is possible to use the Boltzmann equation, as defined by Equation 2.2, to determine the 

ratio of the intensities of Stokes to anti-Stokes Raman scattering. 

𝑁𝑛
𝑁𝑚

=
𝑔𝑛
𝑔𝑚

𝑒𝑥𝑝  
− 𝐸𝑛 − 𝐸𝑚  

𝑘𝑇
  

Equation 2.2 

Here Nn and Nm are the number of molecules which exist in the excited and ground 

vibrational energy levels, respectively.  Whilst gn and gm denote the degeneracy, and En and 

Em the energy, of the excited and ground vibrational states.  The Boltzmann constant, k, and 

the temperature, T, complete this equation.   

Ordinarily, only the Stokes Raman scattering is measured due to the lower intensity of the 

anti-Stokes scattering.  As such, from here on in, the use of the term Raman will refer only to 

that of Stokes Raman scattering. 
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2.2.3 The Mathematical Theorem of Raman Spectroscopy 

Before we can begin to understand the physical process behind the Raman phenomenon, we 

must first consider the laser source which is used to illuminate the sample.  A wave of 

polarised electromagnetic radiation, such as a laser, travelling along the z-axis consists of an 

electric component and a magnetic component, which operate perpendicular to one another.  

Only the electric component is of interest in the Raman phenomenon.  The electric field 

strength, E, of a laser beam fluctuates with time and can be described by Equation 2.3, where 

E0 denotes the vibrational amplitude of the laser and  the frequency of the laser at time, t. 

𝐸 = 𝐸0𝑐𝑜𝑠2𝜋𝜐𝑡 
Equation 2.3 

When linearly polarised light, such as that produced by a diode laser, interacts with a 

molecule it can result in the distortion of the electron cloud and therefore induce a dipole 

moment in the molecule.  The extent to which the electron cloud distorts is related to the 

polarisability of the molecule.  Ordinarily the electron clouds of larger molecules are more 

easily distorted.  The electric dipole which is induced as a result of this interaction is 

expressed in its simplest form by Equation 2.4, where the induced dipole is denoted by  and 

the polarisability and electric field strength of the laser by  and E respectively. 

𝜇(𝑡) = 𝛼(𝑡)𝐸(𝑡) 

Equation 2.4 

However, the polarisability of a molecule describes the shape and volume of the electron 

cloud at a given time.  Therefore, in order to be adequately described, it must be represented 

as a tensor in all three Cartesian coordinates.  Similarly, the polarisation of the incident light 

may be in any plane.  As such, the induced molecular dipole may occur in any plane and 

therefore must be expressed in all three Cartesian coordinates as described by Equation 2.5. 
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𝜇𝑥
𝜇𝑦
𝜇𝑧
 =  

𝛼𝑥𝑥 𝛼𝑥𝑦 𝛼𝑥𝑧
𝛼𝑦𝑥 𝛼𝑦𝑦 𝛼𝑦𝑧
𝛼𝑧𝑥 𝛼𝑧𝑦 𝛼𝑧𝑧

  

𝐸𝑥
𝐸𝑦
𝐸𝑧

  

Equation 2.5 

If the molecule vibrates upon interaction with the incident light, the time dependant induced 

nuclear displacement from the equilibrium position, q, can be described in terms of the 

amplitude, q0, and frequency, m, of the molecular vibration using Equation 2.6. 

𝑞 = 𝑞0𝑐𝑜𝑠2𝜋𝜐𝑚𝑡 
Equation 2.6 

Furthermore, the polarisability of the molecule is dependent upon its environmental state and 

events such as nuclear vibrations will alter the polarisability of the molecule.  Consequently, 

it is possible to describe the polarisability of the molecule in terms of nuclear movement 

using an expanded Taylor’s series.  However, for small molecular vibrations the 

polarisability is a linear function of nuclear movement, and therefore can be adequately 

expressed by Equation 2.7 where 0 denotes the polarisability of the molecule at equilibrium 

position. 

𝛼 = 𝛼0 +  
𝜕𝛼

𝜕𝑞
 

0

𝑞0 + … 

Equation 2.7 

Combining the aforementioned equations provides an expression (Equation 2.8) which 

describes the induced dipole moment which occurs during the scattering process.   

𝜇 = 𝛼𝐸0𝑐𝑜𝑠2𝜋𝜐0𝑡

    = 𝛼0𝐸0𝑐𝑜𝑠2𝜋𝜐0𝑡 +  
𝜕𝛼

𝜕𝑞
 

0

𝑞𝐸0𝑐𝑜𝑠2𝜋𝜐0𝑡 

    = 𝛼0𝐸0𝑐𝑜𝑠2𝜋𝜐0𝑡 +  
𝜕𝛼

𝜕𝑞
 

0

𝐸0𝑐𝑜𝑠2𝜋𝜐0𝑡𝑐𝑜𝑠2𝜋𝜐𝑚𝑡

    = 𝛼0𝐸0𝑐𝑜𝑠2𝜋𝜐0𝑡 +
1

2
 
𝜕𝛼

𝜕𝑞
 

0

𝑞0𝐸0𝑐𝑜𝑠 2𝜋 𝜐0 + 𝜐𝑚 𝑡 +
1

2
 
𝜕𝛼

𝜕𝑞
 

0

𝑞0𝐸0𝑐𝑜𝑠 2𝜋 𝜐0 − 𝜐𝑚 𝑡 

 

Equation 2.8 
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Upon examination, Equation 2.8 can be broken down into three distinct terms, the first of 

which is described by Equation 2.9.  This term describes the elastic, or Rayleigh, scattering 

whereby there is no appreciable transfer of energy and therefore no change in frequency or 

change in polarisability tensor.     

𝛼0𝐸0𝑐𝑜𝑠2𝜋𝜈0𝑡 
Equation 2.9 

The second and third terms, as denoted by Equations 2.10 and 2.11, describe anti-Stokes and 

Stokes Raman scattering, respectively. 

1

2
 
𝜕𝛼

𝜕𝑞
 

0

𝑞0𝐸0𝑐𝑜𝑠 2𝜋 𝜐0 + 𝜐𝑚 𝑡  

Equation 2.10 

1

2
 
𝜕𝛼

𝜕𝑞
 

0

𝑞0𝐸0𝑐𝑜𝑠 2𝜋 𝜐0 − 𝜐𝑚 𝑡  

Equation 2.11 

In the case of both Stokes and anti-Stokes Raman scattering, the change in frequency is 

proportional to the energy of the bond vibration in question.   Upon closer examination, it is 

possible to discern further information from Equation 2.8.  As the polarisability tensor varies 

with the bond vibration, the scattered field will change with respect to the input polarisation.  

Thus, examinations of the polarisation of the Raman scattered field can provide further 

information about a bond or molecule.  Furthermore, it can be seen that if there is no induced 

nuclear movement, and therefore no change in polarisability, then there will be only elastic 

scattering.  This second observation is the basis of one of the selection rules which underpin 

Raman scattering. 
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2.2.4 Molecular Vibrations 

 

Figure 2.4 – Spring and ball representation of the possible bond vibrations in a carbon dioxide 

molecule.  In each figure, the balls represent the atoms which comprise the molecule and the lines, or 

springs, the bond between the atoms. 

The theory which has been presented up to now describes the process by which the 

interaction of a photon and molecule can result in Raman scattering.  However, until now the 

process has been described in terms of a single type of vibration of a single bond within a 

molecule.  The reality is somewhat more complicated; even the simplest of molecules can 

vibrate in a number of manners, although not all will be Raman active.  As a simple 

example, a triatomic molecule such as carbon dioxide can undergo three distinct bond 

vibrations, as illustrated in Figure 2.4. 

In the case of the carbon dioxide bond vibrations, only the symmetrical stretch is Raman 

active, as it is the only one which results in a change in polarisation.  From this simple 

example of a three atom molecule, it is clear to see that the number of possible bond 

vibrations increases very quickly with increasing molecule size.  For any non-linear 

molecule, the actual number of possible bond vibrations can be determined using Equation 

2.12, where N is the number of atoms which comprise the molecule. 

𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 = 3𝑁 − 6 

Equation 2.12 
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It is also necessary to understand that the vibration of an individual bond may be affected by 

the close proximity and energy of one or more neighbouring bonds.  In such cases, a group 

vibration is observed.  This type of bond vibration is very common in biological samples due 

to the complex nature of the constituent molecules.  Over the years, analysis of an extensive 

range of molecules has enabled the wavenumber ranges in which specific bond vibrations 

occur to be identified.  Figure 2.5 details the wavenumber ranges of some common bond and 

group vibrations.  The region 600 - 1800 cm
-1

 is named the fingerprint region, as this is the 

wavenumber range in which most of biological bond vibrations are contained.   

 

Figure 2.5 – The Raman shifts of common bond vibrations in the wavenumber range 0 – 3600 cm
-1

.  

The fingerprint region, which denotes the range in which many of the bond vibrations associated with 

biological samples are observed, is generally accepted to fall in the range 600 - 1800 cm
-1

.  Figure 

inspired by tables presented in [117]. 
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2.2.5 The Raman Spectrum 

The power of Raman spectroscopy lies in the fact that it is possible to probe all constituent 

molecules in a sample simultaneously.  As previously discussed, upon Raman scattering the 

incident photon is red shifted.  That is, a portion of its energy has been transferred to 

molecule to induce the bond vibration.  The resulting change in the inverse wavelength is 

known as the Raman shift, ̄ , as described by Equation 2.13.  

𝜐 =
1

𝜆𝑖
−

1

𝜆𝑠
 

Equation 2.13 

In Equation 2.13, the Raman shift has units of cm
-1

, and i and s are the wavelengths of the 

incident and scattered light in cm.  

 

Figure 2.6 – Illustration of the relationship between the complexity of molecular structure and the 

corresponding Raman spectrum.  (a) Cytosine, (b) deoxycytidine monophosphate and (c) DNA 

represent molecules of increasing complexity and accordingly, their corresponding Raman spectra 

are more complex. 
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As discussed previously, the larger the molecule, the greater the number of possible bond 

vibrations.  In particular, large molecules which are comprised of many different types of 

atoms display a larger number of distinct bond vibrations, and thus a more complex Raman 

spectrum.   In order to demonstrate the relationship between the complexity of the Raman 

spectrum and the studied molecule, Figure 2.6 shows Raman spectra taken from a range of 

molecules associated with DNA. 

2.2.6 Raman Micro-Spectroscopy 

Most often, the technique of Raman spectroscopy is combined with microscopy for the study 

of biological samples.  This technique is termed Raman micro-spectroscopy or Raman 

microscopy.  In this method, the sample is illuminated using a laser which is focused using a 

microscope objective.  The scattered light is then collected using the same objective or 

another objective at some other orientation.  The advantage of using such a technique is that 

small volumes can be probed within cells and tissues.  Additionally, by employing 

automated microscope stages whole cells and tissue sections may be analysed, by 

sequentially moving and analysing the sample in a process known as Raman mapping.  As 

the technique of Raman microscopy was used exclusively for the work which is presented in 

this thesis, a more in-depth coverage of this method is reported in Chapter 3. 

2.2.7 Limitations of Raman Spectroscopy in Bioanalysis 

Despite the power of Raman spectroscopy, as with any technique there are limitations.  The 

most significant of which has already been mentioned; it is an inherently weak process with 

only 1 in 10 million photons being Raman scattered.  This limitation coupled with the fact 

that biological samples are weak scatterers can lead to problems associated with the signal 

strength of the detected Raman signal.   

Furthermore, many biological samples contain components which display autofluorescent 

properties.  This autofluorescence is often several orders of magnitude greater than the 



Chapter 2  The Theory and Application of Raman 

   

 

   

 

39 

Raman signal and can often mask the Raman signal entirely.  In such cases, switching from 

visible to near-infrared (NIR) lasers can help alleviate the problem to some extent.  

Similarly, NIR lasers are often employed in preference to visible lasers for the analysis of 

biological specimens, in an effort to prevent inducing photodamage.  However, in many 

cases the choice of laser wavelength is a trade-off between minimising photodamage whilst 

maintaining reasonable signal strength, due to the fact that the Raman intensity, I, is 

proportional to the inverse fourth power of the laser wavelength, , as described by Equation 

2.14.  l,  and K in Equation 2.14 refer to the incident laser power, the polarisability of 

electrons in the molecule and a constant term, respectively. 

𝐼 = 𝐾𝑙𝛼2
1

𝜆4 

Equation 2.14 

2.3 Raman Spectroscopy for Biomedical Applications 

One of the early pioneers of biological analysis using Raman spectroscopy was John Edsall.  

This first work was involved with the investigation of selected amino acids and their 

ionisation in aqueous solution [118].  However, it was not until the development of 

photoelectric recording in the 1940s, and later lasers in the 1960s, that Raman spectroscopy 

began to be widely applied to bioanalysis.   

In recent years, the use of Raman spectroscopy has extended into the field of medicine, with 

applications ranging from localisation of cellular components to identification of bacterial 

species and diagnosis of tissue pathology.  As such, the following sections have been written 

to provide an introduction to the applications of Raman spectroscopy in the field of biology 

and biomedicine.  For a more in depth analysis, there exist many comprehensive reviews 

detailing the extensive and varied application of Raman spectroscopy and its associated 

techniques in the field of biology and medicine [119-122]. 
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2.3.1 Biomolecules 

The complexity of Raman spectra increases with the size and complexity of the molecule 

being analysed.  As such, it should be of no surprise that the first Raman spectroscopy 

endeavours in the field of biology were those which investigated the structure and 

interactions of isolated biomolecules and their derivatives. 

Proteins 

During the 1970s the investigation of proteins using Raman spectroscopy was extensively 

documented by Lord and co-workers in a series of publications which reported amongst 

others, the conformational studies of lysozyme, riobonuclease, -chymotrypsin, bovine 

serum albumin, and -lactoglobulin[123-127].  It was found that not only were the Raman 

spectra of poly amino acids useful in determining the structure-spectrum relationship, but 

also the secondary structure of the protein.  Specifically, the amide I and amide III bands 

which occur as a result of C=O stretching and a mixture of C-N stretching and N-H in-plane 

bending in the polypeptide backbone, respectively.  The frequency of the amide III band is 

especially sensitive to the secondary structure of the protein, displaying a frequency shift in 

-helical, -sheet and random coil proteins.  The amide I band, although to a lesser extent, 

still exhibits some sensitivity to the backbone conformation[128].  More recently, Raman 

analysis of proteins and their subunits has been focused on a number of applications 

including enzyme-substrate interactions, protein-ligand interactions, viral assemblies and 

industrial biotechnology[129-131]. 

Lipids 

Spectral characterisation of lipids using Raman spectroscopy has lead to a number of regions 

being identified as vibrations associated with lipid molecules.  In the fingerprint region, 

significant bands are seen due to the in-plane CH2 twisting mode, CH2 scissoring mode, and 
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carbonyl stretch in the region of 1300, 1440 - 1455, and 1735 cm
-1

 respectively.  

Furthermore, Raman bands arising due to the symmetric and asymmetric stretching of the 

methyl group are seen in the region of 2850 - 2895 cm
-1

.  This work has enabled the 

spectroscopic analysis of lipids in a variety of biological samples.  The identification and 

localisation of cholesterol in cells and tissue has been reported in relation to 

atherosclerosis[132, 133].  The distribution of lipid bodies has also been mapped using 

Raman microscopy in fixed leukocytes[134].  Most recently, an advanced Raman technique 

known as coherent anti-Stokes Raman scattering (CARS) microscopy has been successfully 

applied to the study of single lipids bilayers[135] and the identification and distribution of 

lipid droplets[136, 137] and vesicles[138] in unfixed specimens.  However, although CARS 

microscopy is capable of providing images of cellular component distribution in live cells, 

the cost of the equipment remains prohibitively high. 

Nucleic Acids 

The study of the bases, nucleosides and nucleotides of both DNA and RNA has been 

extensive, and has employed both standard and advanced Raman techniques [139-146].  As 

such, the Raman spectrum of nucleic acids are well characterised.  Bands in the region of 

1090 - 1100 cm
-1

 result from the symmetric stretching of the O-P-O linkage, whilst 

contributions resulting from a complex vibrational mode involving the deoxyribose-linked 

phosphodiester occur in the region of 830 - 840 cm
-1

.  In addition to the backbone, there are 

also bands in the Raman spectrum of nucleic acids which originate from the purine and 

pyrimidine bases.   Ring breathing modes occur in the region 600 - 800 cm
-1

and the in-plane 

vibrations of base residues in the region 1150 - 1600 cm
-1

.  Furthermore, analysis has shown 

that the position of certain Raman bands in the spectrum of DNA can be indicative of the 

conformation of the backbone[147].  In addition, the Raman spectra of nucleic acids are also 

capable of providing information regarding the effect of environmental conditions, such as 
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temperature and pH[148-150].  This understanding of the Raman spectrum has enabled the 

localisation and analysis of nucleic acids in biological samples[151-153].  More recently, 

using a technique called tip-enhanced Raman scattering (TERS), which combines Raman 

spectroscopy and atomic force microscopy (AFM) to enhance the Raman signal, it has been 

demonstrated that it is possible to probe RNA homopolymers at a lateral resolution of a few 

nucleobases[154].  This advance is a significant step towards the development of nucleic 

acid sequencing using advanced Raman spectroscopic techniques. 

2.3.2 Cells and Tissues 

Since the early 1990s, the application of Raman spectroscopy to the study of biological 

systems has increased exponentially.  The fields of study are too large in number to discuss 

fully in this thesis.  This section however, is designed to provide an introduction to the type 

of analysis currently possible. 

Bacteria 

The study of bacteria by Raman spectroscopy has been extensive.  The size of most bacterial 

species makes analysis with Raman microscopy very convenient.  A single static spectrum 

can be used to characterise a single bacterium, making Raman a potentially rapid and 

efficient tool in this field.  Much of the work to date has been involved in the differentiation 

of bacteria species based on their spectral signatures.  Raman spectroscopy has been used in 

combination with a number of multivariate techniques, including principal component 

analysis[155], cluster analysis[155-158], and discriminant analysis[159, 160], amongst 

others.  More recently, this has been extended to the discrimination of bacteria at the strain 

level[161, 162].  In particular, the application of the advanced Raman method of surface-

enhanced Raman scattering (SERS) which uses roughened metal surfaces, or colloids, to 

enhance the Raman signal, has attracted attention in this field due to much of the variation 

between bacterial strains resulting from their surface proteins [163]. 
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Eukaryotic Cells 

Eukaryotic cells, however, are much larger in size; the average somatic cell measures 

approximately 10 m in diameter.  As such, the use of static Raman spectroscopy is less 

common.  Yet, this methodology has still been used in certain applications including the 

identification and investigation of cellular inclusions[132] and structures[164, 165].  Static 

measurements have also been successfully applied in situations where the biochemical 

difference between sample groups is more significant than the heterogeneity of the cells 

measured, as in the discrimination of healthy and cancerous cells[166].  Alternatively, 

calculating the average of several spectra from different locations within the sample has been 

used to characterise heterogeneous samples such as cells[167].  Furthermore, laser beam 

shaping is a method which has been extensively utilised to circumvent the issues arising 

from static measurements in heterogeneous samples.  The use of a cylindrical lens in 

combination with lasers, or diode lasers without circulising optics, results in a laser line as 

opposed to a spot.  As such, when focused on the sample, a larger volume is analysed, 

overcoming many of the issues of heterogeneity.  When applied to cellular analysis, a single 

static measurement can provide a representative spectrum for a single cell[151, 168-170].   

A methodology for Raman spectroscopic measurements of cells which overcomes and 

characterises a cell’s heterogeneity is Raman mapping.  This technique is implemented by 

moving either the sample using a motorised stage, or the laser over the sample by means of a 

scanning mirror.  As such, consecutive measurements may be made over a wide region of the 

sample.  Raman mapping combined with principal component analysis has been successfully 

used to locate cellular components in freeze dried cells without the need for labelling[171].  

Furthermore, cellular structures and organelles have been distinguished using optimised 

cluster analysis of Raman mapping data in formalin fixed fibroblasts[172].  Cellular 

structure, including mitochondria, in fixed HeLa cells have also been distinguished using 
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Raman mapping data analysed using hierarchal cluster analysis[173].   The chemical and 

morphological changes which occur in cells as a result of chemically induced oxidative 

stress has been reported using Raman mapping and cluster analysis[174].  However, one of 

the major issues which surround Raman mapping as a technique for biological analysis is the 

prohibitively long sampling times.  In order to map a cell with sufficient spatial resolution to 

provide a high resolution map can take hours.  Improvements in instruments have enabled 

map acquisition times to be reduced significantly, but it still remains that Raman mapping is 

most suited to fixed samples. 

Raman imaging, however, is an alternative technique which enables whole cell imaging 

without the need for labels and within a timescale which doesn’t preclude live cell analysis.    

Uzunbajakava et al. measured the protein distribution in live lymphocytes and epithelial cells 

using direct Raman imaging[175].  Subsequently, the same researchers demonstrated Raman 

imaging of protein and DNA distribution in fixed healthy and apoptotic HeLa cells[152].  

This technique has also been applied to the study of -carotene in live bovine corpus luteum 

cells[176].  However, as this method investigates only selected regions of the Raman 

spectrum at any one time, it is most commonly used for the investigation of component 

distribution within cells.  Furthermore, it requires a priori knowledge of the Raman bands of 

interest. 

Live Cell Analysis 

One of the distinct advantages of Raman as a technique for biological analysis is that there is 

no sample preparation required:  It is possible to acquire Raman spectra without labelling or 

fixation.  As such, this section will discuss the current applications of Raman spectroscopy in 

live cell analysis, whilst also mentioning current limitations.  As previously discussed, 

Raman mapping is not suited to the study of live cells.  Therefore, most live cell analysis has 

been performed using either direct imaging or averaged static measurements.  Many of the 
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most significant studies utilising direct imaging have been discussed previously, so the focus 

will be on static spectral measurement methodologies. 

The application of using an expanded laser beam, either linear or elliptical in shape, has 

proven very effective in live cell analysis.  Although the resulting spatial resolution of such a 

measurement is reduced, a large volume of the cell is probed at one time thus enabling rapid 

measurements.  Typical acquisition times are of the order of minutes, depending upon the 

size and shape of the laser beam and cell, and the number of acquisitions per cell.  This 

methodology has been used to examine a number of biological processes in live cells 

including the differentiation of murine embryonic stem cells[151, 169, 177], cell cycle 

dynamics[178] and cell death[170, 179].  It has also been used to investigate the distribution 

of haemoglobin in young and old erythrocytes[180].  Furthermore, the discrimination of 

healthy and cancerous cells[166, 181, 182] and different cancer types[183] has been well 

documented. 

Tissues 

The nature of disease causes fundamental changes to the biochemistry of the affected tissue.  

As such, Raman spectroscopy is ideally suited to the investigation of tissue pathology.  

Unsurprisingly, the field of oncology research has seen an exponential growth in the 

application of Raman spectroscopy for tissue diagnostics.  Early spectroscopic measurement 

of normal and cancerous brain tissue has revealed lower lipid to protein ratio and higher 

levels of haemoglobin in tumours[184, 185].  More recently, the structural features and 

chemical composition of fresh frozen brain sections have been mapped using Raman fibre-

optic probe technology[186-188].  Furthermore, successful discrimination between the 

Raman spectra of healthy, cancerous and necrotic brain tissue has been reported[189].   

Similarly, the chemical composition of breast tissue is altered by disease.  Spectroscopic 

analysis of benign, malignant and healthy breast tissue demonstrated that the collagen and fat 
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content of the tissue are indicative of the pathology, with increased lipid and collagen 

content in malignant samples [190, 191].  Variation in the spectral signatures has enabled 

discrimination of different grades of ductal carcinomas[192].  As Raman spectroscopy has 

proven to be a non-destructive technique, the ultimate aim would be to develop a 

methodology to perform in vivo diagnoses.  A recent study demonstrated analysis of 

calcifications through layers of skin and tissue up to 10mm using spatially offset Raman 

scattering (SORS) technology[193].  This technique works on the principle that the Raman 

scattering is collected from a location which is adjacent to the point of illumination.  This 

advance indicates that it may be possible to perform in vivo diagnosis of breast cancer based 

on the presence of calcifications. 

In addition to the field of oncology, Raman spectroscopy has been applied to the biochemical 

investigation of a range of other tissues.  One of the most widely studied is bone.  Both the 

organic matrix and mineral components of bone tissue have been well characterised using 

Raman spectroscopy, as has the ultrastructure and process of mineralisation[194-196].  

However, the area which has generated most interest is that of the effect of disease on the 

chemistry and structure of bone[197, 198].  As osteoporosis is one of the most common 

diseases of the bone, it is unsurprising that its pathology has been extensively studied using 

Raman spectroscopy[199-202].  Raman has also been applied to the investigation of the 

effect of ageing on the biochemistry and ultrastructure of bone[203].  Furthermore, using 

knock-out models, the roles which specific genes play in the development and maintenance 

of bone tissue have also been studied[204].  Recently, focus has been turned to the 

transcutaneous analysis of bone using SORS, with a view to in vivo disease diagnosis[205-

208]. 

The aforementioned applications are only those for which there has been extensive 

investigation.  A number of other tissue types have been studied using Raman spectroscopy 
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including lung[209-211], bladder[187, 212, 213], arterial[214-218] and colon[219-222].  

However, the main issue which remains if Raman is to be successfully applied to clinical 

diagnostics is obtaining enough samples to ensure that results are statistical significant, and 

to ensure that algorithms display high sensitivity and specificity. 

2.3.3 Raman and Female Reproductive Biology 

Both Raman micro-spectroscopy and imaging have been used to monitor the presence and 

distribution of -carotene in live luteal cells as a function of time [176].  Primary 

investigations of the efficacy of Raman spectroscopy for the differentiation of normal, 

benign, and malignant ovarian tissues have also been reported [223, 224].  However, cervical 

tissue is the most extensively studied in the field of female reproductive biology. 

The use of Raman spectroscopy for the differentiation of cervical tissue pathologies has been 

pioneered by Anita Mahadevan-Jansen.  In vitro identification of cervical precancer was first 

reported in 1998 [225].  Subsequently, the development of a dedicated fibre optic probe and 

measurement protocol enabled in vivo measurements [226]. Since then algorithms have been 

successfully developed to distinguish high-grade dysplasia, squamous metaplasia and normal 

ectocervical tissues [227, 228]. 

Recently, Raman spectroscopy has been applied to the analysis of human embryo 

developmental potential.  This work reported the development of metabolomics assessment 

of day 3 embryo culture medium using Raman spectroscopy.  The resulting algorithm which 

correlates the spectroscopic profile of culture medium with pregnancy outcome has been 

shown to have a sensitivity of 85.7 %, and a specificity of 76.5 % [103].  Furthermore, the 

first study investigating the application of Raman spectroscopy to the study of murine 

oocytes has recently been published.  This work describes the discrimination of fixed GV 

and MII oocytes based upon their Raman spectral signatures in the high wavenumber region.  
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The authors attribute the spectral variation between groups to the change in the quantities 

and location of lipids that result from maturation[229].  



 

 

 

 

 

 

 

 

Chapter 3 

General Materials and Methods 

 

 

 

 

            

This chapter provides an overview of the instrumentation which was used in the work that is 

reported in this thesis.  Details regarding sample collection and preparation are presented.  

An in-depth discussion of the spectral preprocessing methods which have been implemented 

is also given.  Specific details of the experimental setup are not provided, as these varied 

between experiments, and so are given in the appropriate chapters. 
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3.1 Sample Preparation 

Unless otherwise stated, all work described in this section was performed in a laminar flow 

booth in order to preserve sample integrity and negate the need for antibiotic 

supplementation of media. 

3.1.1 Collection of Pre-antral Follicles 

Leibovitz medium (SigmaAldrich, UK) supplemented with 3 mg/ml of BSA (SigmaAldrich, 

UK) was used for the collection and dissection of ovarian tissue.  Prior to use, the osmolarity 

of the Leibovitz medium was tested and adjusted to 285 ± 5 mOsm by the addition of sterile 

water.  Upon dissolution of the BSA, the medium was syringe filtered, to remove any 

contaminants and undissolved proteins, using a cellulose-acetate syringe filter with 0.2 m 

pore (Iwaki, Japan) into sterile flasks (Iwaki, Japan).  The medium and glass embryo dishes 

were warmed to 37 °C and allowed to acclimatise overnight.   

3 week old C57Bl6J x CBA females were sacrificed by cervical dislocation.  The ovaries 

were explanted to embryo dishes containing 1ml of Leibovitz medium.  All further work was 

performed under low magnification using a stereomicroscope fitted with a heated stage 

operating at 37 °C.  Using 26G needles, the ovaries were “cleaned-up” by removing excess 

tissue and the basal membrane.  Following this, the ovaries were bisected and transferred to 

new dishes and pre-antral follicles were dissected from the halved ovaries using 26 G and  

30 G needles.  Using the microscope graticule, follicles which measured approximately     

180 m in diameter, displayed even colour, contained a centrally located oocyte and which 

had attached thecal tissue were selected for subsequent experiments. 

3.1.2 Culture of Pre-antral Follicles 

-MEM (GIBCO, UK) supplemented with 5 % foetal bovine serum, FBS, (Labtech, UK),    

1 i.u/ml recombinant human FSH, r-FSH, (gifted from Edinburgh IVF unit) and 180 M 
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ascorbic acid (SigmaAldrich, UK) was used for follicle culture.  Prior to use, the osmolarity 

of the MEM medium was tested and adjusted to 285 ± 5 mOsm by the addition of sterile 

water.  After mixing, the medium was syringe filtered using a cellulose-acetate syringe filter 

with 0.2 m pore (Iwaki, Japan) into sterile flasks (Iwaki, Japan).  Round-bottomed 96-well 

culture plates (Iwaki, Japan) were prepared by adding 30 l of the culture medium and 

overlaying with 75 l of sterile filtered silicone fluid (DowCorning).  Plates were warmed to 

37 °C in a 5 % CO2 environment and allowed to acclimatise overnight prior to use.  Pre-

antral follicles were transferred to the culture plates using BSA-coated Pasteur pipettes and 

were cultured individually for 6 days.  During this time, follicles were moved to fresh media 

every day, with new media being prepared every second day. 

3.1.3 In Vitro Maturation of Cumulus-Oocyte-Complexes 

COCs, obtained from follicles which had been cultured for 6 days, were matured in -MEM 

(GIBCO, UK) supplemented with 5 % FBS (Labtech, UK), 1 i.u/ml r- FSH (gifted from 

Edinburgh IVF unit) and 20 ng/ml epidermal growth factor, EGF, (Boehringer).   Prior to 

use, the osmolarity of the MEM medium was tested and adjusted to 285 ± 5 mOsm by the 

addition of sterile water.  After mixing, the medium was syringe filtered using a cellulose-

acetate syringe filter with 0.2 m pore (Iwaki, Japan) into sterile flasks (Iwaki, Japan).  Flat-

bottomed 6-well culture plates (Iwaki, Japan) were prepared by adding two 100 l and one 

200 l drop of the culture medium and overlaying with 3.ml of sterile filtered silicone fluid 

(Dow Corning).  Plates were warmed to 37 °C in a 5 % CO2 environment and allowed to 

acclimatise overnight prior to use.  Leibovitz medium was prepared and warmed as 

described in Section 3.1.1. 

The cultured follicles were transferred to an embryo dish containing Leibovitz medium.  

COCs were recovered by rupturing the follicles using a 30 G needle.  COCs were then 
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transferred through the two 100 l wash drops and into the 200 l culture drop of the 

equilibrated maturation medium using a pulled BSA-coated Pasteur pipette.  COCs were 

cultured for 24 hours at 37 °C under 5 % CO2. 

3.1.4 Superovulation of Mice 

Stock solutions of pregnant mare serum gonadotrophin, PMSG, and human chorionic 

gonadotrophin, hCG, (Intervet, UK) were prepared by reconstituting the respective hormones 

in sterile physiological saline (SigmaAldrich, UK) to a concentration of 500 i.u./1000l.  

Working solutions of PMSG and hCG were prepared to a concentration of 5 i.u./100l.  Both 

stock and working solutions were stored at -20 °C until required for use.  C57Bl/6J female 

mice between 6 and 8 weeks of age received 5 i.u. of PMSG by intraperitoneal injection at 

4pm on day 0.  At 3pm on day 2, 47 hours after PMSG, the mice were injected with 5 i.u. of 

hCG. For the collection of fertilised oocytes for embryo culture, after hCG injection, females 

were left overnight with a proven male; the presence of a vaginal plug on the morning of 

sacrifice was used to identify if mating had occurred.  Mice were sacrificed by cervical 

dislocation 18-20 hours after administration of hCG to enable the collection of oocytes    

3.1.5 Assessment of Mice in Oestrous 

Experienced personnel performed visual inspection of the vagina to assess for oestrous in 

mice, as the facilities required for vaginal smearing were not available. 

3.1.6 Collection of In Vivo Matured Oocytes 

M2 medium (SigmaAldrich UK) was used for the collection of oocytes from unstimulated 

and stimulated ovulation cycles. Prior to use, M2 was syringe filtered using a cellulose-

acetate syringe filter with 0.2 m pore (Iwaki, Japan).  The medium and embryo dishes were 

warmed to 37 °C and allowed to acclimatise overnight.  Oviducts were explanted to embryo 

dishes containing 1 ml of pre-warmed M2 medium within 5 minutes of sacrifice.  Under low 
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magnification, using a stereomicroscope fitted with a heated stage operating at 37 °C, COCs 

were released by puncturing the swollen ampullae with No5 dinmont forceps and were 

transferred to flat-bottomed 48-well plates containing 100 l drops of warm M2 medium 

using pulled BSA-coated Pasteur pipettes.   

3.1.7 Collection of Immature Oocytes 

Pre-antral follicles, collected as described in Section 3.1.1, were transferred to an embryo 

dish containing Leibovitz medium and COCs were recovered by rupturing the follicles using 

a 30 G needle. 

3.1.8 Oocyte Denudation 

Hyaluronidase (SigmaAldrich, UK) was reconstituted to a working concentration of 3 mg/ml 

in Leibovitz medium (SigmaAldrich, UK) and was stored at -20 °C until required for use.  

Before use, hyaluronidase solution was warmed to 37 °C and vortexed to ensure it was 

properly suspended. The cumulus cells were removed from the oocytes by treating with 

hyaluronidase, at a final concentration of 0.3 mg/ml, for 1 - 2 minutes.  Complete denudation 

of immature oocytes using hyaluronidase was found to be difficult.  As such, mechanical 

removal using a super-fine bore Pasteur pipette was performed after hyaluronidase treatment.  

Following cumulus removal, oocytes were passed through three 5 minute washes of fresh 

medium before subsequent processing. 

3.1.9 Embryo Culture 

M16 medium (SigmaAldrich UK) was used for embryo culture. Prior to use, M16 was 

syringe filtered using a cellulose-acetate syringe filter with 0.2 m pore (Iwaki, Japan).  Flat-

bottomed 6-well culture plates (Iwaki, Japan) were prepared by adding two 100 l and eight 

20 l drops of the culture medium and overlaying with 3.ml of sterile filtered silicone fluid 

(Dow Corning).  Plates were warmed to 37 °C in a 5 % CO2 environment and allowed to 
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acclimatise overnight prior to use.  Fertilised oocytes were collected in the same way as in 

vivo matured oocytes, as described in Section 3.1.6.  They were then transferred through the 

two 100 l wash drops and distributed 10 to a culture drops using a pulled BSA-coated 

Pasteur pipette.  The embryos were cultured for 24 and 48 hours at 37 °C under 5 % CO2, so 

as to reach the 2 and 4-cell stage, respectively. 

3.1.10 Oocyte and Embryo Fixation 

Phosphate buffered saline (PBS) was prepared by diluting 100 ml of 10X PBS solution 

(SigmaAldrich, UK) in 900 ml of ultrapure water (SigmaAldrich, UK).  The solution was 

aliquotted into 100 ml sterile reagent bottles before being autoclaved at 121 °C for 20 

minutes.  

4 % paraformaldehyde solution was prepared by adding 4 g of paraformaldehyde (Fisher 

Scientific, UK) to 90 ml of PBS in a conical flask and a couple drops of 1 M NaOH were 

added.  The solution was heated gently to 50 °C on a heated stirrer plate.  Once the 

paraformaldehyde had completely dissolved, the solution was cooled.  The pH was tested to 

ensure it was in the range of 7.2 - 7.4 and the solution was made up to 100 ml by adding     

10 ml of PBS.  The solution was aliquotted and stored at -20 °C until required for use.  2.5 % 

glutaraldehyde solution was prepared by diluting 250 l of 50 % glutaraldehyde solution 

(Fisher Scientific, UK) with 4.75 ml of PBS.  20, 30, 40 and 50 % ethanol solution were 

prepared by diluting 100 % ethanol in PBS, whilst a 70 % ethanol solution was prepared by 

diluting 100 % ethanol in ultrapure water to prevent precipitation of salts. 

Before fixing, oocytes and embryos were passed through two 5 minute washes in pre-

warmed PBS to remove residual proteins from the M2 medium.  Following washing, oocytes 

were either fixed in 4 % paraformaldehyde for 30 minutes, 2.5 % glutaraldehyde for 30 

minutes, or an ethanol series of 20, 30, 40, 50 and 70 % ethanol for 5 minutes each.  All 



Chapter 3  Materials and Methods 

   

 

   

 

55 

fixing was carried out at room temperature.  After aldehyde fixation, the oocytes were passed 

through three 5 minutes washes in fresh PBS.  Ethanol fixed oocyte were passed through the 

reverse ethanol series to rehydrate them.  Oocytes were stored in PBS at 4 °C until analysis.  

3.2 Raman Measurements 

3.2.1 The Raman Microscope 

All Raman measurements acquired throughout this work were collected using an InVia 

Raman microscope (Renishaw plc, UK).  This instrument consists of a DM-IRB inverted 

microscope (Leica MicroSystems, Germany) coupled to a dispersive spectrometer 

(Renishaw plc, UK). 

 

Figure 3.1 –Photograph of the Renishaw InVia Raman microscope used in this work. 
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The microscope was equipped with a 40x/0.65N.A. objective (Leica MicroSystems, 

Germany) and two digital webcams: One was integrated with the Raman software for sample 

visualisation and mapping; the second was independent of the system and was used for the 

acquisition of sample images.  Figure 3.2 illustrates the main components of the InVia 

system.  The excitation source used with the Renishaw system was a 400 mW 785 nm diode 

laser (Toptica, Germany).  However, the maximum laser power available after the plasma 

filter was measured to be 110 mW as opposed to the expected 240 mW.  With no 

attenuation, this resulted in a laser power of 70 mW before the objective.  The laser power 

could be attenuated by a selection of neutral density filters (ND) which was software 

controlled.  The available laser powers were 100, 50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, 0.005, 

0.001, 0.0005, 0.0001, and 0.00005 % of the total source power.  From here on in all quoted 

laser powers refer to the power measured before the microscope objective.   

 

Figure 3.2 – Schematic of Renishaw InVia Raman microscope illustrating the key optical components 

and paths.  The following components have been labelled: BE, beam expander; DG, diffraction 

grating; HNF, holographic notch filter; M, mirror; ND, neutral density filter OB, microscope 

objective; PF, plasma filter; and TM, triangular mirror.  The incident laser and scattered light paths 

are depicted by the grey and black lines, respectively. 
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Light is collected in reflection mode, with a 180° back scattering configuration.  The 

holographic notch filter reflects the Rayleigh scattering but transmits the Raman scattering, 

enabling Raman shifts as low as 100 cm
-1

 to be interrogated.  Unlike many systems, the 

InVia does not use pinholes for confocal measurement.  Instead, a two aperture system is 

implemented:  Firstly, a confocal slit eliminates out-of-plane light on the y-axis, secondly, 

the binned CCD area is selected to eliminate out-of plane light on the x-axis. 

The Raman scattered light is separated into its component wavelengths using a                

1200 lines/mm grating.  The light is detected using a Rencam thermoelectrically-cooled 

charge coupled device (CCD) with an array size of 578 by 385 and pixel size of 22 m.  

Consequently, the spectral range which could be imaged in a single static acquisition was 

limited to approximately 570 cm
-1

.  However, using the SynchroScan mode in the WIRE 2.0 

software, which moves the diffraction grating continuously throughout the measurement, the 

interrogated spectral range can be extended.  Using the SynchroScan feature increases the 

spectral acquisition time; a static spectrum which was acquired in 10 s would take 37 s for 

the integration of the spectral range 450 - 1790 cm
-1

. 

The microscope is fitted with a precision motorised XYZ stage (Prior Scientific, UK).  The 

precision controlled stage enables Raman mapping to be performed.  In this technique, the 

stage, and thus sample, are progressively moved to allow the collection of individual spectra 

at various positions on a grid.  This process of point-mapping enables a biochemical picture 

to be constructed for a sample which displays biochemical variation with location. 

3.2.2 Raman Mapping Configurations 

Two different mapping configurations are reported in the results; the rectangular raster map 

and the circular raster map as depicted in Figure 3.3.  The former, involved the acquisition of 

spectra at 2 m intervals on an orthogonal grid using a raster pattern.  It can be seen from  
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Figure 3.3 – Illustration of the two mapping configurations used for oocyte analysis.  The first image 

depicts the rectangular mapping method which is reported in Chapter 5.  The second image depicts 

the “reduced mapping” method, which is reported in Chapters 6 & 7. 

Figure 3.3, this methodology results in some spectra being collected in regions with no 

oocyte present.  The rectangular mapping protocol is very lengthy; it took approximately 18 

hours to acquire the full rectangular maps, consisting of 1610 spectra, which are reported in 

this work.  A second method, the reduced mapping protocol, as illustrated in the Figure 3.3, 

was developed to reduce the time required for oocyte analysis.  This method involved the 

acquisition of spectra at regular intervals of 6 m on a circular grid.  As such, only positions 

in which the sample was present were interrogated.   

3.2.3 Preparation of Raman Substrate and Sample Holders 

Quartz coverslips (UQG Optics, UK) with a diameter of 25 mm and thickness of 200 m 

were used as the substrate throughout this work.  Furthermore, glass cloning rings with a 

diameter of 8 mm were used during the analysis of oocytes and liquids.  Both the coverslips 

and cloning rings were reused in this work due to their prohibitive cost.  As such, prior to use 

they were rinsed using acetone in order to remove residual silicone fluid and vacuum grease.  

They were then sonicated in a mild detergent soak for 10 minutes.  Following this, in an 

ultrasonic bath they were twice washed in acetone for 10 minutes before being twice rinsed 

in ultrapure water for 10 minutes.  All coverslips and cloning rings were stored in 70 %   
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Figure 3.4 – Illustration depicting the sample holder construction for oocyte analysis, with the  

following components labelled: CR, cloning ring; QC, quartz coverslip; SF, silicone fluid; and SG, 

high vacuum silicone grease. 

ethanol until required for use.  Immediately before use the coverslips and cloning rings were 

removed from the alcohol soak and rinsed with ultrapure water before being dried under a 

stream of nitrogen. 

Dry samples were prepared for Raman analysis by depositing an even layer of the substance 

on a clean quartz coverslip.  For the analysis of liquids and oocytes, sample holders were 

made immediately prior to use, by fixing a glass cloning ring to a quartz coverslip using high 

vacuum silicone grease (Dow Corning, UK).  In the case of liquid analysis, 150 l of the 

substance of interest was added to sample holder using a micro-pipette.  For oocyte analysis, 

a 10 l drop of PBS was deposited on the quartz coverslip within the cloning cylinder, and 

the oocyte was transferred to the drop using a pulled Pasteur pipette.  The PBS was then 

overlaid with 100 l of silicone fluid to prevent evaporation, as illustrated in Figure 3.4. 

 

3.3 Spectral Preprocessing 

All spectral preprocessing was performed in MATLAB 7.0 using in-house written scripts. 

3.3.1 Wavenumber Calibration 

Instrument calibration is an important aspect of Raman spectroscopic analysis.  This is 

especially true in applications involving the development of diagnostic algorithms and where 

SG
QC
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SF

PBSOOCYTE



Chapter 3  Materials and Methods 

   

 

   

 

60 

data are obtained using different instruments.  Diode lasers, unlike ion-based lasers such as 

Argon and Helium-Neon, are prone to wavelength instability.  Therefore, it is important to 

ensure accurate calibration, as a shift of 0.1 nm in laser wavelength results in 1.6 cm
-1

 

change in wavenumber.  Consequently, a two stage wavenumber calibration was performed.  

The first stage of the calibration corrects for absolute wavelength shifts which result from 

changes in the optical path.  The second corrects for shifts in laser emission wavelength.   

Daily wavenumber calibration was performed prior to all experiments.  A neon calibration 

lamp (Renishaw plc, Gloucestershire UK) was used for the absolute calibration of the 

wavelength abscissa.  A neon spectrum (Figure 3.5) is obtained using a 37 s acquisition time 

over the wavelength range which is used in subsequent experiments, ensuring that none of 

the peaks are saturated.  Selected neon emission bands are then used in the calibration.  A 

third order polynomial is fitted to the experimental peak positions and the reported values. 

 

Figure 3.5 – Raman spectra acquired from the neon calibration lamp and the polystyrene standard. 
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The wavenumber scale is corrected for shifts in laser wavelength using a polystyrene 

secondary standard (Sigma Aldrich, UK).  It was selected due to its stable and well defined 

Raman bands, and because it displays Raman peaks over the entire wavenumber range 

investigated in this work.  A polystyrene spectrum (Figure 3.5) is obtained using a 37 s 

acquisition time and 7 mW laser power, over the wavelength range used in subsequent 

experiments.   

The graphical user interface (GUI) which was produced in MATLAB 7.0 to perform the 

wavenumber calibration can be seen in Figure 3.6.  The coefficients obtained from the neon 

calibration stage are used to adjust the wavelength abscissa to correct for optical path effects.  

Following this, the Raman wavenumber shift is calculated for the polystyrene spectrum by 

adjusting the laser wavelength until the Raman peaks agree, within accepted errors, with 

those published in the literature. 

 

Figure 3.6 – Screenshot of the GUI produced in MATLAB for the wavenumber calibration. 

 



Chapter 3  Materials and Methods 

   

 

   

 

62 

3.3.2 Cosmic Ray Removal 

 

Figure 3.7 – Example illustrating the effect of cosmic rays on Raman spectra; the top spectrum shows 

a spectrum containing a cosmic ray and the bottom spectrum shows the same spectrum after 

application of the cosmic ray removal algorithm. 

Cosmic spikes in the Raman spectrum result from high energy particles, known as cosmic 

rays, randomly hitting the CCD during spectral acquisition.  The energy associated with 

these particles is far greater than energies associated with Raman scattering and as such, their 

presence can completely overwhelm the Raman spectrum, as illustrated in Figure 3.7.  A 

GUI was produced in MATLAB which allowed cosmic spikes to be detected and removed 

by replacement with an average of the intensities of their neighbouring pixels.   

3.3.3 Data Re-Sampling 

So that spectra which had different wavenumber abscissa can be compared easily, the spectra 

underwent data re-sampling.  This procedure used a cubic spline interpolation function to 

generate a new spectrum with a corresponding wavenumber axis sampling interval of 1 cm
-1

. 
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3.3.4 Smoothing 

Prior to background removal, the sample and PBS spectra were smoothed using a boxcar 

function.  The sample spectra were smoothed using a 3-point boxcar function which returned 

the average of three adjacent points for each point.  The PBS spectrum could be more 

heavily smoothed as it only had slowly changing gradients. As such, an 11-point boxcar 

function was used which returned the average of eleven adjacent points for each point.  

Using the boxcar functions resulted in tails at either end of the spectrum.  These were 

removed by truncating the spectral region to 455 - 1780 cm
-1

. 

3.3.5 Background Removal 

In order to remove the spectral contributions arising from the quartz substrate, PBS buffer 

and system optics, background removal was performed.  For each experiment, a spectrum of 

the PBS adjacent to the sample was acquired using the same experimental parameters.  The 

algorithm used for the subtraction was that suggested by Maquelin et al.[230].  This method 

is not intended to subtract the exact amount of the non-oocyte signal, but instead subtract all 

contributions (sample and background) which cannot be distinguished from the background. 

In order to implement this algorithm, the first derivative of the signal is calculated.  The 

background corrected oocyte spectrum, Osub, is then calculated according to Equation 3.1, 

where C and B are the uncorrected and background spectra, respectively.  The background 

corrected oocyte spectrum was subsequently returned to its integrated form for further 

processing.  The efficacy of this technique for the removal of background contributions from 

the oocyte spectrum is presented in Appendix 1. 

𝑂𝑠𝑢𝑏 = 𝐶 −
𝐶 ∙ 𝐵

 𝐵 2 𝐵 

Equation 3.1 
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3.3.6 Baseline Removal 

The varying fluorescence background which was present in the Raman spectra of oocytes 

was removed by subtracting a fourth order polynomial which was fitted through the points at 

456, 478, 632, 800, 1142, 1512 and 1756 cm
-1

. 

3.3.7 Normalisation 

To enable the comparison of spectra acquired from different samples on different days, it is 

necessary to perform some form of data normalisation.  In this work two Raman 

measurement protocols were used; for each a different normalisation routine was used. 

Total Intensity Normalisation 

The average spectra obtained from the reduced mapping experiments described in Chapters 6 

and 7 were subjected to an adjusted total intensity normalisation algorithm.  This routine 

normalises a spectrum according to Equation 3.2. 

𝑥𝑛𝑜𝑟𝑚 =
𝑥

 
  𝑥𝑛

𝑖=1  
𝑛

 

 

Equation 3.2 

In Equation 3.2, x and xnorm refer to the un-normalised and normalised spectra, respectively.  

The denominator is the integrated area of the non-normalised spectrum divided by the 

number of sampled wavenumbers, n.  Problems can be encountered using this methodology 

if the denominator varies significantly between samples, as will be discussed in Chapter 6. 

Multiplicative Signal Correction 

The spectra collected in the mapping experiments described in Chapter 5 were corrected for 

variation in sample thickness, across the oocyte, using multiplicative signal correction 

(MSC).  Before application of the MSC algorithm, the spectra which did not meet the 
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threshold criterion of a total spectral intensity of 80,000 were excluded from the dataset.  

This process ensured that only spectra arising from the oocyte were included in the 

normalisation routine.  MSC methodology was first described for the correction of variation 

in path length in IR spectra, but has since been used effectively to handle the effect of 

sample thickness variation in Raman spectra[209].  This technique is based upon the 

principle that an individual spectrum can be defined by an offset and a multiple of a 

reference spectrum, as described by Equation 3.3.  In most cases, the reference spectrum is 

defined as the mean spectrum for the dataset being analysed. 

𝑥𝑖 = 𝑎𝑖 + 𝑏𝑖𝑥 + 𝑒𝑖  
Equation 3.3 

In Equation 3.3, xi and x̄ refer to the individual and mean spectra, respectively, whilst ai and 

bi are constants which are found for each spectrum and ei is a residual term. In this work the 

constants ai and bi were found by performing ordinary least squares (OLS) regression for 

each spectrum, using the robustfit function in MATLAB.  Having found the value of the 

constants for each spectrum, the correction, as defined by Equation 3.4, can be performed. 

𝑥𝑖 ,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝑥𝑖 − 𝑎𝑖
𝑏𝑖

 

Equation 3.4 

3.4 Statistical Analysis 

All univariate and multivariate statistical analysis was performed using MATLAB 7.0 and 

the Statistics Toolbox.  Standard univariate statistical analysis, which included the 

calculation of arithmetic means, standard deviations and two-tailed unpaired t-tests, were 

used throughout this thesis.  Specific details regarding the usage of univariate analysis is 

given in the appropriate Chapters.  Conversely, full details of the multivariate statistical 

techniques which have been used in this work are reported in the following sections. 
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3.4.1 Unsupervised Multivariate Analysis of Spectroscopic Data 

Unsupervised multivariate methodologies are used in applications where there is only an    

X-matrix and no other information available regarding the samples analysed.  The 

underlying theory of unsupervised methods which have been utilised in this work will now 

be briefly introduced. 

Singular Value Decomposition 

In Chapter 4, singular value decomposition (SVD) was applied to the analysis of consecutive 

Raman spectra for the identification of induced photodamage, as was previously reported by 

Uzunbajakava et al.[152].  However, it also comprises the first stage of the principal 

component algorithm which was implemented in this work.  The theory of SVD states that a 

data matrix A, consisting of (nxp) elements, can be decomposed into three constituent 

matrices U,  and V, according to Equation 3.5. 

𝐴 = 𝑈Σ𝑉𝑇  
Equation 3.5 

Σ𝑖𝑗 =  
𝜎𝑖 1 ≤ 𝑖 = 𝑗 ≤ 𝑛
0 𝑖 ≠ 𝑗

  

Equation 3.6 

In Equation 3.5, the data matrices U and V are orthonormal and span the column and row 

space of A, respectively.   is a diagonal matrix, as defined by Equation 3.6, which contains 

the singular values (SVs) that describe the relationship between the matrix U, V and A, as 

defined Equation 3.5.  The SVs in  are non-negative, real values which appear in decreasing 

order.  The underlying principle of applying SVD to the study of photodamage is that in a 

fixed sample, which has not undergone photo-induced degradation, consecutive spectra 

should not vary outside the range of accepted noise.  Consequently, the first SV should 

adequately describe the entire dataset.  Conversely, if sample degradation has occurred, 
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changes in the Raman spectrum between consecutive measurements will lead to the 

requirement to include subsequent SVs. 

Principal Component Analysis 

Primarily, principal component analysis (PCA) is used to reduce the dimensionality of data 

sets, and as such, is the most widely used multivariate statistical method in spectroscopic 

data analysis.  Considering spectroscopic data, a significant obstacle in performing statistical 

analysis is the large number of variables which are measured for a single observation, or 

spectrum; it is not uncommon to have upwards of 1000 variables, or wavenumber 

measurements, in a single Raman spectrum.  In order to perform meaningful statistical 

analysis on such a data set, observations of the magnitude of 1 million would be required, 

which in most cases is unfeasible.  If however, the number of dimensions, or variables, in the 

data set can be reduced then fewer observations are required. 

For a (nxp) data matrix which consists of n observations in p variables, PCA generates new 

variables, known as principal components (PCs), that are a linear combinations of the 

original variables X1, X2,..., Xp, as described for PC1 by Equation 3.7.   The resulting PCs are 

orthogonal, in p-dimensional space, to the original variables. 

𝑃𝐶1 = 𝑎11𝑋1 + 𝑎12𝑋2 + … + 𝑎1𝑝𝑋𝑝  

Equation 3.7 

𝑋1 = 𝑥11 + 𝑥12 + … + 𝑥1𝑛  

Equation 3.8 

In Equation 3.7, the coefficients a11, a12,...,a1p, are known as PC loadings and a (pxp) matrix 

containing the loadings for each PC is generated during PCA.  Analysis of these loadings 

enables the identification of the variables, in the original data set, which contribute to the 

observed variance.  
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PCA is performed such that the variance, that exists in the original data set, which is 

described by PC1 is maximised, whilst satisfying the condition outlined by Equation 3.9.  

Each successive PC is generated so that it describes the largest remaining variance in the 

original data. 

 𝑎𝑖
2

𝑝

𝑖=1

= 1 

Equation 3.9 

During the process of PCA, each observation is assigned a score for each generated PC, and 

as such, a (nxp) matrix of PC scores is generated.  These scores describe the contribution 

which each PC makes to the original spectrum of each sample.  As such, scatter plots of 

these scores can be used to visualise, in fewer dimensions, any variation and clustering 

which may exist in the sample data set.   Furthermore, due to its capability in dimension 

reduction, PCA is often used as a data preprocessing method prior to other multivariate 

methods such as cluster analysis and linear discriminant analysis. 

Cluster Analysis 

Cluster analysis is a multivariate method concerned with the identification of groups within a 

data set which contains similar objects.  In Chapter 5, cluster analysis has been applied to the 

investigation of intra-oocyte biochemical variation.  There are a number of algorithms which 

have been proposed for cluster analysis, of which the partitioning and hierarchal methods are 

the two most common.  In this work, the partitioning method has been used, therefore, only 

the theory underpinning this algorithm will be discussed. 

The partitioning algorithm applied in this work is the k-means method.  The algorithm is 

based upon the idea of optimising the criterion for subdivision of the data into a specified 

number of clusters, k.  Considering a data set containing n observations (x1, x2, x3, ...,xn), such 
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that each observation is a real vector containing d elements.  The cluster analysis is achieved 

by minimising the total sum of the within-cluster sums of the point-to-cluster-centroid 

distances, as described by Equation 3.10.  In this equation, the bracketed term refers to the 

chosen distance measure between the data point xi
(j)

 and the cluster centroid, cj, which in this 

work was a Euclidean distance. 

min
𝑠𝑢𝑚𝐷

   𝑥𝑖
 𝑗  
− 𝑐𝑗 

2
𝑛

𝑖=1

𝑘

𝑗=1

 

Equation 3.10 

In order to begin the clustering process, both the number of clusters and the cluster centroids 

must be specified.  Ordinarily, the initial centroids are selected at random from the data set.  

However, the choice of initial centroid can influence the partitioning result.  As such, it is 

commonplace to repeat the clustering process using different starting centroids, otherwise 

known as performing a replicate, in order to achieve the optimum result.  In this work, 20 

replicates were performed for each cluster analysis.  As previously discussed, cluster 

analysis is an unsupervised technique and therefore requires no a priori knowledge of the 

dataset.  Therefore, the optimum number of clusters must be determined iteratively.   

𝑆𝑖 =
 min
𝑗=1:𝑘

𝑏𝑖𝑗  − 𝑎 𝑖

max
𝑗=1:𝑘

 𝑏𝑖𝑗 , 𝑎 𝑖 
 

Equation 3.11 

In this work, the number of clusters was determined by optimising the total sum of distances 

and the average silhouette value for each observation.  The silhouette value is a measure of 

how similar a single observation is to the others in its cluster, and how dissimilar it is to 

those in other clusters[231].    Equation 3.11 defines the silhouette value, S, for a single 

observation i.  The average distance between the ith point and the points in the each of the 

other clusters is defined by bij, whilst the average distance between the ith point and the other 
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points in its cluster is given by āi.  In each case, the number of clusters was chosen such that 

the total sum of distances was minimised whilst the average silhouette value was maximised.  

Hotelling’s T2 Test 

The Hotelling’s T
2
 test, as outlined in Equation 3.12, is a generalised form of the Student’s t-

test which is used in multivariate hypothesis testing[232].  The Hotelling’s T
2
 test was 

applied in Chapter 4 to test whether mean spectra obtained from sub-sampling protocols 

were indistinguishable from the mean spectrum obtained from a fully characterised sample. 

𝑇2 = 𝑛 𝑥 − 𝜇0 ′𝑆
−1 𝑥 − 𝜇0  

Equation 3.12 

In Equation 3.12, n and x̄ are the number of spectra that comprise the data set and the mean 

spectrum of the sub-sampling protocol being tested, whilst 0 is the mean spectrum of the 

fully characterised sample.  S is the sample covariance matrix which is calculated according 

to Equation 3.13. 

𝑆 =
1

𝑛 − 1
  𝑥𝑖 − 𝑥   𝑥𝑖 − 𝑥  ′

𝑛

𝑖=1

 

Equation 3.13 

In Equation 3.13 n, xi and x̄  are the number of spectra that comprise the data, the ith 

spectrum and the mean spectrum of the sub-sampling protocol being tested, respectively.  

Consequently, the result of Equation 3.12 has an F-distribution on p and n-p degrees of 

freedom in the case of the null-hypothesis, as described by Equation 3.14. 

𝐹𝑡𝑒𝑠𝑡 =
 𝑛 − 𝑝 

𝑝 𝑛 − 1 
𝑇2 

Equation 3.14 
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3.4.2 Supervised Multivariate Analysis of Spectroscopic Data 

Supervised methods require some prior knowledge of the data set which is to be analysed.  

Ordinarily, these techniques are used for the classification of samples.  Therefore, an 

understanding of the sample groupings or some other additional knowledge is required to 

utilise these algorithms.  

Canonical Variate Analysis 

The purpose of canonical variate analysis (CVA) is to investigate the separation of groups 

which are known to exist in a data set.  The process is similar to that of PCA in that the new 

variables, known as canonical variates (CVs), are generated such that they are a linear 

combination of the real variables.  However, in CVA the canonical variates are generated in 

order to maximise the between group variance.   

Considering a (nxp) data matrix containing n observations in p variables for which the 

individuals can be classified into g groups.  The total variation of this data set can be 

described as a combination of the between-group variation, B, and the within-group 

variation, W.  The process of CVA finds a linear combination of the original variables such 

that the ratio of the between-group and within-group variation, F, is maximised as described 

by Equation 3.15[232]. 

𝐹 =
 

1
 𝑔 − 1 

𝑎′𝑩𝟎𝑎 

 
1

 𝑛 − 𝑔 
𝑎′𝑾𝒐𝑎 

 

Equation 3.15 

In Equation 3.15, B0 and W0 refer to the between-groups sum-of-squares and cross-products 

matrix and the within-group sum-of-squares and cross-products matrix, as defined by 

Equations 3.16 and 3.17 respectively. 
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𝑩𝟎 =  𝑛𝑖 𝑥𝑖 − 𝑥   𝑥𝑖 − 𝑥  ′

𝑔

𝑖=1

 

Equation 3.16 

𝑾𝟎 =    𝑥𝑖𝑗 − 𝑥𝑖   𝑥𝑖𝑗 − 𝑥𝑖  

𝑛𝑖

𝑗 =1

′

𝑔

𝑖=1

 

Equation 3.17 

In Equation 3.16 and 3.17, xij , xī , and x̄  denote the x value of the jth observation in the ith 

group, the sample mean vector of the ith group and the overall sample mean vector, 

respectively.  The newly formed CVs, yi, are related to the original variables, xi, by the 

eigenvector, a, which contains the coefficients which optimise the criterion of maximising 

the ratio, F. 

It should be noted that the maximum number of variables which may be used in CVA is 

equal to the difference between the number of observations, n, and the number of groups, g.  

However, if the number of variables is close to this limit, the separation of groups can appear 

far greater.  As such, in this work PCA was performed prior to CVA in order to reduce the 

dimensionality of the data. 



 

 

 

 

 

 

 

 

Chapter 4 

Investigation of Experimental Parameters Affecting 

the Raman Spectrum of the Oocyte 

 

 

            

In order to optimise the experimental protocol for oocyte spectral analysis a number of 

experimental parameters must first be considered.  Consequently, this chapter addresses the 

effect which acquisition time and incident laser power have on signal to noise ratio and laser 

induced photodamage.  Attention is also given to the subject of fixative selection and 

ooplasm sub-sampling.  The work contained within this chapter forms the foundations of 

much of the later work contained within this thesis. 
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4.1 Introduction 

As a technique, Raman spectroscopy offers many advantages, however it remains the case 

that the process of Raman scattering is inherently weak.  Although there is currently much 

focus being given to advanced methodologies, such as SERS, TERS and CARS, advances in 

instrumentation has enabled Raman microscopy to remain a strong presence in the field of 

biophotonics.  That being said, even for a given experimental setup, there are many 

experimental parameters which must be optimised to benefit from the full potential of this 

technique. 

This chapter presents the results of a series of experiments which have been designed to 

optimise the collection of Raman spectra from oocytes, so as to ensure they are of sufficient 

quality to enable both univariate and multivariate analysis.  Particular attention has been 

given to the selection of a fixative which minimises the impact on the ooplasm spectrum.  

Furthermore, an effort has been made to identify the number of spectra required to accurately 

characterise the ooplasm.  This latter investigation is of great significance in the analysis of 

large heterogeneous samples, yet it appears that this is the first time that work of this type 

has been conducted for biological samples. 

4.2 Materials and Methods 

4.2.1 Preparation of Samples 

For this work, COCs were collected from superovulated C57Bl/6J females 20 hours post 

hCG and were treated briefly with hyaluronidase to remove cumulus cells.  Oocytes were 

washed twice in M2 followed by two washes in PBS, and were then pooled and any 

fragmented or degenerate oocytes discarded.  In Experiments 1, 2 and 4, the selected oocytes 

were fixed for 30 minutes in 4 % paraformaldehyde solution.  Following fixation, oocytes 

were thrice washed in PBS before being stored in PBS at 4 °C until required for use.   
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In Experiment 3, the effect of fixation on the oocyte spectrum was investigated for different 

fixatives protocols, as outlined in Table 4.1.  Both the glutaraldehyde and paraformaldehyde 

fixation was carried out for 30 minutes at room temperature, whilst the ethanol fixation was 

performed by passing the oocytes through 20, 30, 40, 50 and 70 % ethanol solutions for        

5 minutes each.  After fixation, oocytes were rinsed and resuspended in PBS.  Unfixed 

oocytes were washed in PBS and used immediately.  

Group Oocytes Analysed Fixative Fixation Time (min) 

1 10 4% paraformaldehyde 30 

2 10 2.5% glutaraldehyde 30 

3 10 Ethanol series 5/pass 

4 10 Unfixed - 

 
Table 4.1 – Protocols used for the investigation of suitable fixatives. 

4.2.2 Raman Spectroscopy Measurements 

Experiment 1:  Photodamage Assessment 

This series of experiments was necessary to establish if the incident laser, which is used 

during the Raman spectroscopic analysis, causes significant localised heating resulting in 

sample degradation.   In order to assess if sample degradation had occurred spectra which 

were collected consecutively from the same location were compared:   Non-noise spectral 

variation was taken to be indicative of induced photodamage.   

In this work three laser powers were investigated, as outlined in Table 4.2.  For each oocyte, 

31 consecutive spectra were collected from the same location through its central focal plane.  

Each spectrum was integrated for 37 s over the spectral range 600 - 1790 cm
-1

.  Only two 

oocytes were analysed using a laser power of 7 mW as it was found that the signal to noise 

ratio (SNR) of the spectra at this power was insufficient for further analysis.  
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Group Oocytes Analysed Laser Power (mW) 

1 2 7 

2 5 35 

3 5 70 

 
Table 4.2 – Experimental parameters used for the investigation of induced photodamage. 

Experiment 2:  Optimisation of Signal to Noise Ratio 

This series of experiments was necessary to establish the optimum acquisition time and 

incident laser power for subsequent work.  In order to determine the optimum values for 

these parameters the SNR of the resulting spectra were determined: Higher values of SNR 

are indicative of a higher quality spectrum.   

In this work, four acquisition times and three laser powers were investigated, as outlined in 

Table 4.3.  A total of five oocytes were examined in each of the five experimental groups.  

For each oocyte, 31 individual spectra were collected at a constant interval of 10 m through 

its central focal plane.  The spectral range investigated was 600 - 1790 cm
-1

.   

Group Oocytes Analysed Acquisition Time (s) Laser Power (mW) 

1 5 37 7 

2 5 37 35 

3 5 37 70 

4 5 74 35 

5 5 111 35 

6 5 222 35  

 
Table 4.3 - Experimental parameters used for the investigation of SNR. 

Experiment 3:  Comparison of Fixatives 

This series of experiments was necessary to establish the effect of chemical fixation on the 

Raman spectrum of the oocyte.  In order to assess the presence of spectral artefacts resulting 

from fixation, the Raman spectra of oocytes which had been fixed using ethanol, 
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glutaraldehyde or paraformaldehyde were compared with the spectra of unfixed oocytes.  A 

total of ten oocytes were examined in each of the four fixative protocol groups.  For each 

oocyte, 31 individual spectra were collected at a constant interval of 10 m through the 

central focal plane of the oocyte.  Each spectrum was integrated for 37 s over the spectral 

range 450 - 1790 cm
-1

 using a laser power of 35 mW.  A spectrum of the PBS buffer which 

surrounded the oocyte was also acquired using the same experimental conditions.  A 

spectrum of 100 % ethanol, 50 % glutaraldehyde solution and pure paraformaldehyde 

powder was also integrated for 37 s over the spectral range 450 - 1790 cm
-1

 using a laser 

power of 70 mW.  

Experiment 4:  Reduced Map Oocyte Characterisation 

This series of experiments was necessary to establish the minimum number of spectra which 

were required to adequately characterise the cytoplasm of the oocyte, in an effort to 

minimise analysis time.  In order to determine this, the average spectrum derived from 

different numbers of individual spectra was compared to the average spectrum of the fully 

characterised cytoplasm for each oocyte.  

For this work, a total of four oocytes were examined.  For each oocyte, the four collection 

protocols outlined in Table 4.4 were performed sequentially.  Spectra were collected through 

the central focal plane of the oocyte and each spectrum was integrated for 37 s over the 

spectral range 600 - 1790 cm
-1

 using a laser power of 35 mW.   

Protocol Step Size (m) Number of Spectra Mapping Time (min) 

1 9 45 28 

2 7 69 42.5 

3 6 101 62 

4 2 1610 993 

 
Table 4.4 – Experimental parameters used for the investigation of the reduced map methodology. 
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4.2.3 Data Preprocessing and Extraction 

All spectra were subjected to the cosmic ray removal protocol in order to remove the sharp 

intense peaks which can appear spuriously in Raman spectra.  The wavelength scale of each 

spectrum was corrected using the neon and polystyrene spectra, such that spectra obtained at 

different times could be compared with confidence.  No further preprocessing was performed 

for the spectra collected in Experiment 1.  

In Experiments 3 and 4, initially the oocyte and PBS spectra were smoothed using a 3-point 

and 11-point boxcar function, respectively, truncated to the region 455 - 1780 cm
-1

, and the 

PBS contributions were subtracted from the oocyte spectra using the first derivative 

orthogonal vector method suggested by Maquelin et al.[230].   

Before subsequent processing the spectra were returned to their integrated form.  Following 

this, for Experiments 2 - 4, the data was resampled such that the spectral sampling interval 

was set at 1cm
-1

, and the autofluorescence was subtracted by fitting a fourth order 

polynomial through the points at 456, 478, 632, 800, 1142, 1512 and 1756 cm
-1

.  Next the 

data was truncated to the region 800 - 1790 cm
-1

 for experiment 2 and 800 - 1760 cm
-1

 for 

Experiments 3 and 4.  Finally, each spectrum was offset corrected, such that the minimum 

intensity was set to zero and then normalised to its mean spectral intensity across all 

wavenumbers in order to account for fluctuations in laser intensity.  

The spectra of the pure fixatives were truncated to the region 600 - 1780 cm
-1

, offset 

corrected and normalised to their maximum spectral intensity.  All data preprocessing was 

performed using MATLAB and in-house written scripts. 
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4.2.4 Data Examination and Statistical Analysis 

All data visualisation and statistical analysis was performed using MATLAB 7.0 and the 

Statistics toolbox. 

Experiment 1:  Photodamage Assessment 

For each data set, every second spectrum was selected to be included in the SVD calculation, 

as described in Chapter 3.  The resulting SVs were examined using a log-linear plot.  

Experiment 2:  Optimisation of Signal to Noise Ratio 

The level of noise was calculated to be the standard deviation of the intensities in the region 

1765 - 1780 cm
-1

, whilst the signal was assessed to be the intensity of the peak at 1659 cm
-1

.  

An average SNR was found for each oocyte by calculating the arithmetic mean of the ratios 

from the 31 spectra.  The mean and standard deviation of the SNR for each experimental 

setup was then calculated. 

Experiment 3:  Comparison of Fixatives 

For each oocyte, an average spectrum was generated by taking the arithmetic mean, at each 

wavenumber, of the 31 processed spectra.  The mean of the 10 average spectra from each of 

the four fixative protocol groups was then calculated.  A difference spectrum was calculated 

by subtracting the mean spectrum of the unfixed group from the mean spectrum obtained for 

each of the three fixation protocols investigated.  Subsequently, PCA was performed on the 

entire data set, comprising of the 40 mean spectra from the four treatment groups. 

Experiment 4:  Reduced Map Oocyte Characterisation 

Firstly, so as to remove spectra which did not represent the ooplasm a threshold limit of 1.75 

at 1002 cm
-1

 was imposed.  For each oocyte, the mean spectrum for each of the four 

collection protocols was calculated.  Following this, for each oocyte, PCA and CVA were 
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performed on the data set consisting of all processed spectra from each of the treatment 

groups.  Finally, using the scores of the first 18 PCs, the means resulting from each of the 

three reduced mapping protocols (protocols 1-3) were compared to the mean of the full 

mapping protocol (protocol 4) using a one sample Hotelling’s T
2
 test, as described in 

Chapter 3. 

4.3 Results 

The Raman spectrum of the murine oocyte, as illustrated by Figure 4.1, is complex and 

displays a significant number of overlapping bands in the fingerprint region.  Upon closer 

examination, it can be seen that there are contributions resulting mainly from protein and 

lipid molecular vibrations.   

 

Figure 4.1 – Raman spectrum of a mature oocyte annotated to show the major peaks present in the 

wavenumber region 800-1760 cm
-1

.  The abbreviations str. and def. refer to vibrations arising from 

stretches and deformations, respectively.  
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Strong peaks are seen in the region of the amide I and amide III vibrations at 1658 cm
-1

 and 

1255 cm
-1

, respectively:  Conversely, only a weak contribution seen in the region of the 

amide II band at 1550 cm
-1

.  The relatively small amide II band is not unexpected, as it is 

often only weakly Raman active, although it is often observed in the Raman spectra of 

proteins which have a -sheet secondary structure.  The phenomenon of Raman band 

broadening is often the result of overlapping bands.  This is particularly true of the amide I 

region; the location of this band is particularly sensitive to the secondary structure of the 

proteins investigated.  The precise location can occur anywhere in the region                   

1645 - 1675 cm
-1

; the lower, intermediate and upper regions are indicative of a -helical, 

random coil and -sheet secondary structures, respectively.  Furthermore, an overlap exists 

between the amide I band and the C=C stretch in unsaturated lipids and carbohydrates. 

Non-overlapping contributions resulting from amino acids with aromatic side chains are seen 

at 829, 856, 1002, 1030, 1173, 1207, 1605 and 1621 cm
-1

.  The tyrosine doublet, which is 

observed at 829 and 856 cm
-1

, is the result of in-plane ring breathing, while the sharp 

characteristic band at 1002 cm
-1

, which is seen in the spectra of most biological samples, 

arises due to the symmetric ring breathing of phenylalanine.  The peaks at 1030 and        

1207 cm
-1

 occur due to the C-H in-plane stretch of phenylalanine and the aromatic-carbon 

stretch of both phenylalanine and tryptophan, respectively.  Similarly, the peaks which form 

the shoulder of the amide I band at 1605 and 1621 cm
-1

 are attributed to phenylalanine and 

tyrosine.  Furthermore, the non-overlapping contribution resulting from the CH2 twist, which 

occurs in lipid molecules, is seen at 1301 cm
-1

.   

Additionally, due to the complexity of the biochemical composition of the ooplasm, it is 

expected that overlapping bands will exist in its spectrum.  Such bands occur in the region of 

1420 - 1480 cm
-1

 which corresponds to the C-H deformation in proteins, lipids and 

carbohydrates.  Significant overlap also exists in the region below 1000 cm
-1

, where 
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contributions from proteins and carbohydrates, in particular, are observed.  Furthermore, in 

some spectra, bands arising from the molecular vibrations of nucleic acids are observed.  In 

particular, contributions from the nucleic acid ring breathing and CH2 scissoring in the 

backbone are observed in the region 1350 - 1380 and 1410 - 1425 cm
-1

, respectively.  The 

Raman bands which are most commonly observed in the oocyte are outlined in Table 4.5. 

Band 

(cm
-1

) 

Band Assignment 

Carbohydrates Lipids Proteins Nucleic Acids 

829   Tyr ring br.  

856   Tyr ring br.  

876 C-O-C ring br.  C-C-N sym str.  

936 C-O-C str.  C-C str. -helix  

1002   Phe sym ring br.  

1030   Phe CH in-plane   

1078 C-O, C-C str. C-C chain str.   

1090-1100    O-P-O str. 

1125   C-N str.  

1157   C-C, C-N str.  

1173   Tyr C-H bend  

1200-1280   Amide III  

1207   Phe, Trp Ar-C  

1263  =C-H def.   

1301  CH2 twist   

1339   C-H def.  

1350-1380    A, T ring br. 

1403  O-C=O   

1410 -1425    CH2 scissoring 

1439  CH2 def.   

1448   CH2 def.  

1555   Trp  

1586   Trp  

1605   Phe  

1621   Tyr  

1650-1660 C=C, C=O C=C, C=O   

1640-1680   Amide I  

1720-1760  C=O   

 

Table 4.5 – Tentative assignments for the bands observed in the Raman spectrum of the oocyte.  

Assignments were made on the basis of previously reported values for other biological samples[171, 

179, 233]. 
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There are a number of experimental parameters which can affect the efficacy of Raman 

spectroscopy in oocyte analysis.  Consequently, consideration must be given to the design of 

the spectrum collection protocol, so as to ensure that the spectra obtained are of sufficient 

quality to enable subsequent statistical analysis.  The results presented hereinafter describe 

the effect which four system parameters, including acquisition time, laser power, fixation 

and sub-sampling, have on the Raman spectrum of the oocyte.  The findings reported here 

were used to design subsequent experiments, which are reported in Chapters 5 - 7.   

4.3.1 Laser Threshold Testing 

The analysis of the morphology of oocytes, by means of light microscopy, before and after 

19 minutes of continuous laser irradiation revealed no obvious changes at a power of 7, 35 or 

70 mW.  However, the absence of detectable morphological changes did not preclude laser 

induced photodamage.  As such, consecutive Raman spectra collected from the same 

location in fixed oocytes were analysed to identify the presence of spectral variation, and 

thus photodamage.  SVD is a multivariate method which is capable of quantifying spectral 

variation and reporting it as a series of singular values. 

Figure 4.2 presents the results obtained from the SVD analysis of consecutive spectra 

obtained from fixed oocytes using a laser power of 7, 35, and 70 mW, respectively.  The 

appearance of Figure 4.2a and 4.2b, which represent the results using 7 and 35 mW 

respectively, are very similar.  In both figures, the first SV is much larger than the other 

fifteen SVs.  Furthermore, there exists very little difference between the latter fifteen SVs.  

These data indicate that, in both cases, the sixteen spectra analysed can be described 

accurately by one singular value.  When considering the derivation of singular values, this 

indicates that no appreciable variation exists between the consecutive spectra.  Upon closer 

examination of the data, it is observed that the latter fifteen SVs describe the noise which 

exists in the Raman spectra. 
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Conversely, the results presented for a laser power of 70 mW in Figure 4.2c show that whilst 

the first SV is much larger that the remaining fifteen, the second SV is significantly different 

from SVs 3 - 16.  These data intimate that there exists variation between the sixteen spectra 

which cannot be attributed to noise.  This was confirmed by the examination of the 

reconstructed spectra which showed significant variation between consecutive spectra at a 

number of wavenumbers.  These findings were consistent with the results obtained from 

repeated experiments using different oocytes.  

 

Figure 4.2 – Semi-logarithmic plots of singular values derived from consecutive spectra collected 

from a single central location within paraformaldehyde fixed oocytes.  The plots display the results of 

the SVD analysis for three laser powers: (a) 7 mW; (b) 35 mW; and (c) 70 mW. 
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4.3.2 Optimisation of Signal to Noise 

Firstly, the effect which the incident laser power has on SNR was examined.  Due to the 

system design, it was not possible to investigate a continuous range of laser powers.  

Consequently, the laser powers interrogated correspond to 100, 50 and 10 % of the source 

power.  The next available increment was 5 %, which resulted in a barely discernible signal 

and as such was not included in this study.    Figure 4.3 depicts the average SNR, which 

represents the arithmetic mean of 5 oocytes, for each laser power, and their associated 

standard deviations.  These results indicate that SNR increases with increasing laser power, 

and while it appears that this increase follows a linear relationship with respect to laser 

power, no accurate inference about the relationship can be gained due to the lack of available 

data.  However, it is worth noting that the mean SNR for each of the laser powers tested was 

greater that the accepted limit of detection which is generally regarded as a SNR = 3[234].   

 

Figure 4.3 – Mean signal to noise ratios ± 1 standard deviation calculated from the 155 spectra        

(5 oocytes) for laser powers of 7, 35 and 70 mW and acquisition time of 37 seconds. 
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Subsequently, the effect which spectral acquisition time has on SNR was investigated.  As a 

result of the software and system design the minimum acquisition time available for the 

spectral range 450 - 1790 cm
-1

 was 37 s, which was equivalent to 10 s per CCD fill.  

Consequently, integration times of 37, 74, 111 and 222 s, which corresponded to single pass 

acquisition times of 10, 20 30 and 60 s, were chosen for this study.  Figure 4.4 depicts the 

average SNR, which represents the arithmetic mean of 5 oocytes, for each acquisition time, 

and their associated standard deviations.  These results indicate that SNR increases with 

acquisition time according to 0.54 power relationship, which corresponds closely with the 

square root relationship described in literature for shot noise limited experiments[235].  As 

such, a 100 % increase in the acquisition time from 37 to 74 s only results in an increase in 

SNR of approximately 44 %. 

 

Figure 4.4 – Mean signal to noise ratios ± 1 standard deviation calculated from the 155 spectra        

(5 oocytes) for acquisition times of 37, 74 and 111 seconds and a laser power = 35 mW. 
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4.3.3 Identification of a Suitable Fixative 

The work contained within this thesis is concerned with the analysis of fixed murine oocytes.  

However, the premise of the work is to develop Raman spectroscopy as a technique capable 

of the analysis of unfixed oocytes for developmental competence quantification.  

Consequently, the selection of the fixative used to preserve the oocyte in this work had to be 

carefully considered, such that it did not substantially affect the Raman spectrum and thus 

the transfer of the method from fixed to unfixed samples.  To this end, three common 

fixative protocols were examined; ethanol, glutaraldehyde and paraformaldehyde fixation.   

Initially, so as to identify any Raman bands arising from the presence of localised deposits of 

fixative within the oocytes, the Raman spectra of the pure substances were investigated. As 

such, Figure 4.5 depicts the Raman spectrum of each of the pure fixatives with the most 

significant band locations annotated.  In the Raman spectrum of ethanol, the bands located at 

884 and 1052 cm
-1

 correspond to the O-C-C symmetric and anti-symmetric stretch.  Whilst 

the 1097, 1455, 1276 and 1483 cm
-1

 Raman bands have been assigned to the CH3 in-plane 

rocking, CH3 deformation, CH2 twist and CH2 scissor, respectively[236]. 

In aqueous solution, glutaraldehyde exists in various forms including its monomeric form, as 

the cyclic hemiacetal of its hydrate and a polymer of the latter[237], resulting in a more 

complicated Raman spectrum.  Contributions resulting from C-H deformation are seen in the 

region of 803 - 965 cm
-1

, whilst bands arising due to in-plane C-H rocking are observed 

between 1318 and 1444 cm
-1

.  The C=O band characteristic of aldehydes is located at     

1715 cm
-1

.  Finally, contributions arising due to the C-O stretch in the cyclic hemiacetal 

hydrate are located in the region 1028 - 1195 cm
-1

[117]. 

Finally, the examination of the paraformaldehyde spectrum shows strong contributions 

arising from the symmetric and anti-symmetric O-C-O stretch at 919 and 1092 cm
-1

, 
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respectively.  Furthermore, peaks which have been tentatively assigned to CH2 twisting, 

wagging and in-plane bending are observed at 1294, 1337 and 1491 cm
-1

[238, 239].  

 

Figure 4.5 – Raman spectra of the three fixatives investigated, with major peak locations annotated. 
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Subsequently, the effect which each of the fixative protocols has on the Raman spectrum of 

the oocyte was examined.  A total of 10 oocytes in each of the three groups, and a further 10 

unfixed oocytes were analysed.  So as to minimise the likelihood of induced photodamage in 

the unfixed oocyte, only 31 spectra, collected at a constant interval of 10 m, were acquired 

from each oocyte.  An average spectrum was generated for each of the 40 oocytes examined 

and subsequently a mean spectrum was calculated for each group.   

Firstly, each of the average spectra derived from the three treatment protocols were 

compared with the mean spectrum of the unfixed group, the results of which are presented in 

Figure 4.6.  In each of the three subplots, the average fixed and unfixed oocyte spectra are 

represented by the red and blue trace, respectively.  The black trace shows the difference 

spectrum (= unfixed - fixed) for each fixative protocol.  Initial observations indicate that 

significant spectral disruption results from ethanol and glutaraldehyde fixation, whilst less 

spectral variation is evident in paraformaldehyde fixed oocytes.  

Closer examination of the difference spectrum derived from the ethanol fixed oocytes, 

reveals positive Raman bands in the region of known lipid vibrations.  Specifically, strong 

positive intensities are seen in the region of the lipid C=C stretch at 1654 cm
-1

, CH 

deformation at 1437 cm
-1

 and the CH2 twist at1300 cm
-1

.   Other positive bands associated 

with lipid vibrations are observed at 713, 980, 1090, 1273 and 1739 cm
-1

.  These results 

indicate that the ethanol fixed oocytes have lower lipid content than their unfixed 

counterparts.  Conversely, negative bands which are associated with protein molecular 

vibrations are observed in the difference spectrum.  Significant negative contributions arising 

from the amide I, amide III and phenylalanine symmetric ring breathing are seen at 1674, 

1238, and 1003 cm
-1

, whilst other negative bands resulting from protein vibrations are 

observed at 620, 755, 828, 1031, 1605 cm
-1

.  These data would suggest that the ethanol fixed 

oocytes have greater protein content than unfixed oocytes.  However, it is postulated that this 
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observation is a result of the preprocessing routine which normalises the spectrum to its 

integrated area; the lower lipid contributions observed in the ethanol spectrum result in a 

lower integrated area which, in turn, could lead to more intense bands in non-lipid regions. 

 

Figure 4.6 – Investigation of the effect of fixation on the Raman spectrum of the oocyte. In each plot, 

the fixed, unfixed and difference spectra are depicted by the red, blue and black plots, respectively. 

650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750

0

2

4

6

In
te

n
s
it

y
 (

a
.u

.)

Ethanol Fixative (n=10)

650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750

0

2

4

6

In
te

n
s
it

y
 (

a
.u

.)

2.5% Glutaraldehyde Fixative (n=10)

650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750

0

2

4

6

In
te

n
s
it

y
 (

a
.u

.)

Wavenumbers (cm -1)

4% Paraformaldehyde Fixative (n=10)



Chapter 4  Experimental Optimisation 

   

 

   

 

91 

Analysis of the difference spectrum, derived for the glutaraldehyde fixed oocytes, showed a 

strong negative band in the region of 1034 cm
-1

.  This observation has previously been 

reported in glutaraldehyde fixed samples and has been attributed to the formation of 

pyridinium-like compounds during the cross-linking of proteins[240].  Further strong 

negative bands are seen in the region of the phenylalanine symmetric ring breathing mode, 

amide III and amide I bands, where visual inspection reveals broadening of the envelope in 

the latter.  Conversely, positive intensities are seen universally below 980 cm
-1

 and above 

1700 cm
-1

.  Further positive contributions are observed in the region of 1370 - 1440 and 

1460 - 1570 cm
-1

, which are regions associated with nucleic acid base ring breathing modes.   

Finally, from the difference spectrum calculated for the paraformaldehyde fixed oocytes it is 

apparent that the magnitude of the variance between the unfixed and fixed spectra is smaller 

than that of the other fixative protocols.  Yet, negative contributions are observed in the 

region of the phenylalanine symmetric ring breathing at 1003 cm
-1

 and the amide I envelope 

at 1600 - 1680 cm
-1

.  Positive contributions are seen in the region of 890 - 980, 1100 - 1140 

and 1400 - 1430 cm
-1

. 

Additionally, positive contributions, of varying magnitudes, are observed in all of the 

difference spectra in the regions of Raman shifts arising due to the molecular vibrations of 

nucleic acids, but in particular in the region of the purine ring breathing mode at 1480 cm
-1

.  

Positive contributions are also seen below 1000 cm
-1 

in each of the difference spectra, 

although the true biochemical basis of these variations is difficult to discern due to the 

presence of overlapping bands in this region.  Most significantly, in each difference spectra, 

a strong positive contribution is seen in the region of 1045 cm
-1

, which has previously been 

attributed to the C-O and C-C stretches in furanose, a constituent of the RNA 

backbone[241]. 
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Multivariate Analysis 

PCA was performed to enable an unbiased statistical analysis of adjacent wavenumbers to be 

completed.  The PCA was performed on a data matrix which contained the 40 average 

Raman spectra which had been collected from the three treatment, and one control, groups 

(nETH=10, nGLUT=10, nPARA=10, nUNFIXED=10).  Examination of the associated scree plot 

allows the variance in the original data space, which is described by each of the newly 

generated PCs, to be determined.  It was found that approximately 80 % of the variance that 

existed in the 961 original variables is described by the first 2 PCs.   

During the process of PCA, each spectrum is assigned a score for each generated PC.  These 

scores describe the contribution which each PC makes to the original spectrum.  As such, 

scatter plots of these scores can be used to visualise any variation and clustering which may 

exist in the sample data set.   Figure 4.7 depicts the scores of the first and second PC for each 

oocyte sampled.  Each individual oocyte from the ethanol, glutaraldehyde and 

paraformaldehyde fixed and unfixed groups is denoted by blue, red, magenta and green 

markers, respectively, with the group mean scores denoted as E, G P and L. 

The scatter plot shows a distinction between the glutaraldehyde fixed oocytes and the other 

groups along the first PC.  Additionally, a marked separation exists between the ethanol 

fixed oocytes and the other groups along the second PC.    Furthermore, separation between 

the unfixed oocytes and the remaining fixed oocytes is also observed along the second PC, 

although to a lesser extent.  It is apparent from Figure 4.7 that the paraformaldehyde fixative 

protocol provides the closest model to the unfixed oocyte, as evidenced by the comparison of 

the group means.  Examination of the other PC scores revealed that all fixed oocytes are 

separated from the unfixed oocytes along the third PC, although the contribution of this PC 

to the overall variance was significantly lower. 
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Figure 4.7 – Biplot showing the scores of each datum against the first and second component axes 

generated during the PCA.  Ethanol, glutaraldehyde and paraformaldehyde fixed oocytes are depicted 

by the blue, red and magenta markers, respectively, whilst the green markers depict the unfixed 

oocytes.  The mean score for the ethanol, glutaraldehyde and paraformaldehyde fixed groups and the 

unfixed group are denoted by E, G, P and L, respectively. 

The tight clustering of the paraformaldehyde fixed and unfixed oocytes suggest that these 

treatments minimise the within-group variance.  Whilst both the glutaraldehyde and ethanol 

fixed oocytes display greater within-group variance.  However, the effect of outliers is more 

prominent in small data sets, and therefore the sample size would have to be extended in 

order to confirm these findings.  Significantly, the results of the PCA further confirm that the 

paraformaldehyde fixative protocol provides the closest model to the unfixed oocyte. 
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So as to understand the biochemical variation that separates the three treatment groups, the 

PC loadings must be examined.  As such, the loadings for the first three PCs against the 

original data space axis are presented in Figure 4.8.  The first PC, which represents 

approximately 54 % of the overall variation, is remarkably similar to the difference spectrum 

generated for the glutaraldehyde fixed oocytes.  Likewise, the second PC shows consistency 

with the ethanol derived difference spectrum.  Finally, the third PC approximates the inverse 

of the paraformaldehyde derived difference spectrum.  These data indicate that the difference 

spectra describe effectively the separation of the fixed and unfixed samples.   

 

Figure 4.8 – Loadings of the first three components generated during the PCA. 

650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750

-0.1

-0.05

0

0.05

1st Principal Component

650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750

-0.1

0

0.1

2nd Principal Component

650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750

-0.1

0

0.1

Wavenumbers (cm -1)

3rd Principal Component



Chapter 4  Experimental Optimisation 

   

 

   

 

95 

4.3.4 Characterisation of Oocytes Using Sub-Sampling 

Unlike the mammalian somatic cell, which has been routinely examined using Raman 

spectroscopy, the oocyte is of a size which presents challenges to rapid analysis.  Raman 

mapping experiments enable spectroscopic analysis at regular intervals, and as such, provide 

a powerful method capable of producing detailed images revealing the biochemistry of 

heterogeneous samples.   However, for a map with resolution of the order of several microns, 

thousands of spectra are required to characterise a murine oocyte, compared with only 50 for 

a somatic cell.  As such, even with the most advanced instrumentation, the acquisition of a 

high resolution Raman map of a murine oocyte would take of the order of several hours, 

during which time significant biochemical modifications are likely to occur.  Consequently, 

the application of high resolution mapping experiments is constrained to the study of fixed 

oocytes.  Therefore, in order to design a method which enabled the rapid analysis of murine 

oocytes, a study was conducted to investigate the number of spectra which could accurately 

describe the ooplasm. 

A total of 4 oocytes were examined for this work:  For each, Raman maps consisting of 45, 

69, 101 and 1610 individual spectra collected at regular intervals of 9, 7, 6 and 2 m, 

respectively, were acquired.  An average spectrum was generated for each of the mapping 

experiments for each of the four oocytes.  Figure 4.9 presents the results for the first oocyte.   

Initial examination of the average spectra calculated from each of the mapping protocols for 

the first oocyte indicates little variation.  The most significant difference between these 

spectra is the SNR.  As would be expected, the SNR is smallest for the 45-point map and 

gradually improves as the number of spectra averaged increases.  Furthermore, the standard 

deviation observed for each protocol was relatively consistent across all wavenumbers and 

between protocols.  These findings were consistent with those observed for the other oocytes 

which were analysed during this study. 
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Figure 4.9 – Comparison of the average spectra obtained from one oocyte using different mapping 

protocols. The average spectra calculated from 1610, 101, 69 and 45 points which were collected at 

constant intervals of 2, 6, 7 and 9 m are depicted by the black, green, blue and red spectra, 

respectively.  The grey shaded area represents the region corresponding to ± one standard deviation 

for each spectrum.  The spectra have been offset for clarity. 

Given the similarity of the average spectra obtained for each protocol, it was necessary to 

perform more detailed quantitative analysis using multivariate methodologies.  Therefore, 

for each oocyte, PCA was performed simultaneously on the individual spectra acquired from 

each of the reduced maps and the average spectrum calculated for the full-map.  Analysis of 

the resulting PC loadings indicated that the first 18 PCs, which accounted for approximately 

62 % of the total variance, described the majority of the non-noise spectral variance:  No PC 
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original variable, or wavenumber.  As such, so as to compare the data, and visualise it in 

fewer dimensions CVA was performed using the scores of the first eighteen PCs.  The 

results of the CVA revealed that the hypothesis which stated that all of the groups means lie 

in zero-dimensional space cannot be rejected; accordingly, the multivariate analysis of 

variance indicated that the null hypothesis which states that the means are equal cannot be 

rejected.  This is confirmed in Figure 4.10 which shows the scores on the first and second 

CV for each of the spectra derived from each of the reduced mapping experiments and their 

corresponding group means.  However, this biplot also demonstrates that the mean of the 

map containing 101 points is closest to the mean derived from the full map. 

 

Figure 4.10 – Biplot showing the scores of the first and second CVs obtained from the first 18 PCs.  

Each marker depicts an individual spectrum obtained from a reduced mapping experiment.  Green, 

blue and red markers depict spectra obtained from the 101, 69 and 45 point reduced maps.  The mean 

scores for the full map, 101, 69 and 45-point reduced maps are depicted by F, 1, 2 and 3, respectively. 
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Number of 

Spectra 

Step Size 

(m) 

Map Acquisition 

Time (min) 

Average 

Spectrum SNR 

Hotelling’s T
2
 Test 

Fcritical Ftest 

45 9 28 232 ± 52 3.96 2.59 

69 7 42.5 300 ± 87 3.12 1.89 

101 6 62 344 ± 89 2.76 2.04 

1610 2 993 727 ± 116 - - 

  
Table 4.6 – Results obtained from each mapping protocol for the oocyte presented in Figure 4.10. In 

each case, the Hotelling’s T
2
 test compared the mean spectrum obtained from the protocol with the 

mean spectrum obtained from the fourth protocol; the F distribution was evaluated at =0.001. 

Further analysis was conducted in the form of the Hotelling’s T
2
 test, which can be regarded 

as the multivariate analogue of the Student’s t-test, and is closely related to the square of the 

Mahalanobis distance.  In this instance, Hotelling’s T
2
 is a statistical measure of the pooled 

multivariate distance of the spectra derived for each reduced map, from the mean spectrum 

calculated for the full mapping experiment.  In the case of the null-hypothesis – such that the 

means are equal – T
2
 can be described by an F-distribution.  Table 4.6 presents the results of 

the Hotelling’s T
2
 test, from which it can be seen that the null hypothesis cannot be rejected 

for any of the reduced mapping experiments, which further confirms the results of the CVA.  

The mean and standard deviation of the SNR for the average spectrum derived in each case 

is also presented in Table 4.6.  As predicted by SNR theory, an increase in SNR is observed 

with an increase in the number of spectra acquired. 

4.4 Discussion 

Laser Threshold Testing 

An important consideration in the design of any analytical experiment is that of the 

maintenance of sample integrity during the period of analysis.  This is of particular 

significance in the laser-based spectroscopic analysis of biological samples.  It has been 

discussed previously that the energy of an incident photon is proportional to its wavelength; 
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higher photon energies are observed with decreasing wavelength.  Consequently, near 

infrared (NIR) lasers are often selected in preference to visible lasers for the Raman 

investigation of biological samples[242].  In accordance with this theory, a 785 nm laser was 

selected for this work to minimise the effect of photodamage.  A further advantage of 

working in the NIR region is the reduction in the observed sample autofluorescence which 

often overwhelms the Raman signal of biological materials.  

There exists a precedent for the use of lasers in the field of ARTs; the use of laser-assisted 

hatching, ICSI, zona-drilling and blastomere ablation have all been reported.  Although a 

number of lasers have been suggested, it is generally agreed that those which operate in the 

UV region, or close to the absorption of key molecules, should be avoided.  The indium-

gallium-arsenic-phosphorus (InGaAsP) diode laser, which operates at 1.48 m, has been 

routinely reported for use in various ART-associated procedures[243].  In many cases, no 

deleterious effects have been reported, although it is recognised that the absence of 

morphological changes does not preclude damage.   

Hollis et al. attempted to model localised heating induced during focused laser zona drilling 

using the InGaAsP laser[244].  However, the reported results suggested excessively high 

temperature gradients which are not supported by experiment.  The authors accept that the 

model is limited as it considers neither laser scattering nor axial heating.  In another study, 

which included axial heating, peak temperatures exceeding 100 °C were predicted for laser 

exposures of 15 ms and source power of 40 mW[245].  This study approximates the thermal 

constants of the oocyte to be equal to water.  On this basis, as the absorption coefficient of 

water at 785 nm is of the order of three magnitudes smaller than at 1480 nm it is predicted 

that the heating effect of the laser used in this work will be much less. 

The method of comparing successive spectra using SVD in order to detect spectral variation 

arising from laser induced photodamage has been applied successfully elsewhere[152].  The 
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results presented here support the theory that morphological assessment alone is not 

sufficient to detect photodamage, as no morphological variation was observed in any of the 

oocytes despite the presence of spectral change.  As no photodamage was detected after      

19 minutes in either the 7 or 35 mW irradiated oocytes both of these laser powers appear to 

be below the damage threshold.  However, due to concerns regarding SNR and so as to 

minimise acquisition times, it was decided that subsequent experiments would be performed 

using a laser power of 35 mW. 

The design of the work included in this thesis is such that it may be transferred to unfixed 

samples.  However, for that to happen, further assessment of induced photodamage in live 

oocytes would be required.  In such cases, the method applied here would not be appropriate, 

as it is not unreasonable to assume that in a dynamic cell spectral changes would occur 

during the testing period.  Consequently, a suitable alternative would be to monitor 

development to blastocyst following IVF in irradiated oocytes.  This however, is likely to 

require large sample sizes.  As such, preliminary work investigating the expression of 

induced heat shock proteins (HSPs) following laser irradiation may provide an insight into 

localised heating and heat shock. 

Optimisation of SNR   

Classically, SNR is defined as the mean of a given intensity divided by its standard 

deviation.  This definition, however, is not suitable for the investigation of heterogeneous 

biological samples, as it would require a high number of repeated measurements at exactly 

the same location within the sample.  In situations where the classical method is not 

appropriate, as in this work, an alternative method of defining the noise as the standard 

deviation of a region containing no signal has proven effective.  Furthermore, in order to 

overcome the issues resulting from the heterogeneous nature of the ooplasm, spectra were 

collected from 31 locations within each oocyte for the SNR analysis.  Calculating the 
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average of the SNR determined at each of these locations enabled a more accurate SNR 

value to be determined for each set of investigated experimental parameters.  

There are many types of noise which can affect the quality of the Raman spectrum, such as 

dark current and read noise, both of which are instrument specific.  In this work, however, 

the spectra are shot noise limited.  This type of noise arises as a result of the random nature 

of the photons arriving at the CCD detector.  However, as with many biological samples, a 

large sloping fluorescence background is observed in the unprocessed spectrum of the oocyte 

and this background too has an associated shot noise.  As a consequence of the random 

nature of the background shot noise, it cannot be subtracted during the removal of the 

fluorescence background.  Consequently, in this instance the calculated noise is a summation 

of the noise arising from both the background and sample. 

Over the spectral region of interest, the ratio of the intensities arising from the oocyte signal 

and the fluorescence background ranges from approximately 0.25 to 0.65 in the unprocessed 

spectra.  Consequently, it is likely that at the lower end of the spectral range the SNR is 

limited by the background shot noise.  From theory, in such cases it is known that increasing 

acquisition time results in the deterioration of SNR[235].  Although this is not observed in 

the SNR results presented in Figure 4.4, it should be noted that the SNR is calculated from 

the higher end of the spectral region where the contribution of the fluorescence background 

to the overall intensity is smaller.  

In selecting the optimum acquisition time, not only was the resulting SNRs considered, but 

also the total analysis time.  Although low SNR spectra can prove problematic for 

subsequent data analysis, the recorded SNRs for all acquisition times investigated were 

sufficiently high that they would not prevent multivariate or univariate interpretation.  As a 

result, minimising the total measurement time was pivotal to the selection of the spectral 

acquisition time.  Furthermore, consideration was given to the heterogeneous nature of the 
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sample: It was recognised that it would be more informative to acquire two 37 s spectra from 

different locations than a single 74 s spectrum.  Therefore, an acquisition time of 37 s, 

corresponding to the minimum single fill time of 10 s, was selected for all subsequent 

analysis. 

Identification of a Suitable Fixative 

The choice of fixative and its effect on the sample must be considered when designing any 

experiment; not only must it preserve the biochemistry of interest, but it must also not 

adversely affect the method of analysis.  Consequently, this subject has attracted great 

attention in the field of Raman bioanalysis.  Published studies appear to indicate that there is 

no universally applicable fixative which minimises spectral effects[246].  Instead, the type 

and magnitude of induced spectral changes appear to be sample specific for any given 

fixative protocol. 

In this work, the three fixative protocols investigated were selected due to their common 

application in the study of oocytes.  They belong to two categories of fixative; ethanol 

belongs to the group of precipitating fixatives, whilst glutaraldehyde and paraformaldehyde 

belong to the group of cross-linking agents. 

Unlike the cross-linking fixatives, it was found that oocyte morphology was detrimentally 

affected by ethanol fixation.  A significant reduction in the volume of the oocyte was 

observed, although this was remedied to a large extent upon rehydration.  It was found that 

the zona pellucida either dissolved or was damaged to such an extent that it was shed.  

Furthermore, a marked darkening of the ooplasm was observed, which possibly results from 

the accumulation of partially dissolved lipids.  The latter was a concern regarding 

photodamage resulting from absorption mechanisms.  The reduction of intensities in the 

Raman spectrum associated with lipid vibrations is in accordance with the mechanism of the 
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dissolution of many of the oocyte’s lipid deposits by ethanol.  However, although ethanol is 

often chosen as a fixative for preservation of nucleic acids, some changes are observed in the 

spectrum in regions associated with the vibrations of RNA and DNA.  Changes in the 

hydration of these molecules may have affected their vibration intensities or else some 

material may have been lost through the permeabilised membrane.   

The fixation mechanism by which glutaraldehyde preserves samples involves the formation 

of cross-links, known as Schiff bases, between amino groups.  Most often the cross-links are 

formed between lysine residues present on the exterior of proteins, although other amino 

acids are known to react with glutaraldehyde.  Although good morphological preservation 

was observed in glutaraldehyde specimens, a significant increase in the intensity of the 

region 1600 - 1680 cm
-1

 is observed in the spectrum of these oocytes.  It is thought that this 

increase is the result of the strong Raman signal attributed to the C=N stretch of the Schiff 

base[117].  It is postulated that the use of a low concentration glutaraldehyde fixative is 

responsible for the absence of the widely reported autofluorescence which results from the 

precipitation of the free aldehyde.  However, it remains that the spectrum of the 

glutaraldehyde fixed oocytes are dominated by the presence of the pyridinium vibration at 

1034 cm
-1

.  Furthermore, it has been postulated that although glutaraldehyde does not cross-

link nucleic acids, they are maintained in the tight network of the cross-linked proteins. This 

would explain the observed reduction in the intensities arising from nucleic acid vibrations in 

the spectra of glutaraldehyde fixed specimens.  

As with glutaraldehyde, good preservation of oocyte morphology was observed in the 

paraformaldehyde fixed samples.  Although paraformaldehyde is a cross-linking aldehyde 

fixative like glutaraldehyde, the mechanism by which the sample is preserved is different.  

Paraformaldehyde fixes samples through the formation of covalent bonds known as 

methylene bridges and, as with glutaraldehyde, these cross-links are often formed between 
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lysine residues.  One of the reported advantages of paraformaldehyde is its ability to cross-

link, and thus preserve, nucleic acids[247].  This explains the reduction in observed 

intensities associated with nucleic acid ring breathing modes and the RNA sugar vibration.  

However, the mechanism responsible for the increased intensity observed in the amide I 

region of the paraformaldehyde fixed oocytes remains unclear.  It is postulated that this is a 

sampling artefact which occurs as a result of the sub-sampling of a highly heterogeneous 

sample.  This could be confirmed by extending the study to include more samples. 

Upon comparison of the three fixative protocols investigated, it was found that 

paraformaldehyde performed the best.  It showed good performance in maintaining sample 

morphology and only minimal impact on the Raman spectrum of the oocyte.  As such, the 

use of 4 % paraformaldehyde was chosen as the fixative for all subsequent work. 

Characterisation of the Oocyte by Sub-Sampling 

One of the main obstacles in the spectroscopic analysis of the oocyte is its size.  Using the 

instrumentation available for this work, complete characterisation of the oocyte would 

require the collection of over a thousand spectra.  Given that the minimum acquisition time 

is approximately 37 s, this results in prohibitively long experiments.  Consequently, focus 

was turned to the determination of the optimum number of spectra which can accurately 

characterise an individual oocyte. 

This issue of sub-sampling is not often encountered in the analysis of cells, as published 

works almost exclusively deal with the analysis of somatic cells which are significantly 

smaller.  It is however, an issue for the investigation of tissue samples which are often of the 

order of millimetres in size.  Yet, in the analysis of tissue, researchers are commonly 

interested in specific regions, or morphological features of the tissue.  As such, spectra are 

either acquired in large numbers from a localised region of the sample, or at a constant 
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interval which enable the identification of the smallest morphological feature of interest.  In 

any case, the sampling interval is often arbitrarily chosen. 

In this work however, we are less interested in the identification of specific features, but 

instead the biochemical characterisation of the oocyte.  A recently published paper which 

describes infrared spectroscopic analysis for the discrimination of immature and mature 

oocytes used only a single line scan, consisting of 16 spectra collected at 4m intervals, to 

characterise each oocyte[229].  This method enabled the discrimination of the two groups; 

however, the biochemical variation between those groups is likely to be greater than that 

which exists between some of the samples which are to be investigated in this work.  

Consequently, the approach of acquiring spectra at constant intervals throughout the ooplasm 

was adopted in this work. 

In an effort to quantify the effect of sub-sampling on the proper characterisation of the 

oocyte, three sub-sampling protocols were tested.  The average spectrum calculated for each 

was then compared to the average spectrum calculated for the fully characterised oocyte.  

Results of the CVA and Hotelling’s T
2
 test indicated that the average spectrum calculated for 

each sampling protocol provided a good approximation.  However, analysis of the CV biplot 

presented in Figure 4.10 suggested that upon increasing the number of spectra, a closer 

approximation of the oocyte’s average spectrum was achieved. 

Additionally, the SNR of the average spectrum obtained from each of the sampling protocols 

was analysed.  It was found that the SNR improvement obtained by increasing the number of 

spectra collected approximates a 0.35 power relationship.  This is less than the improvement 

suggested by theory, whereby SNR should increase according to √𝑛 [234].  However, this 

correlation is based upon the repeated measurement of a homogeneous sample, a criteria that 

the oocyte does not meet.  Accordingly, it is not unexpected that a different relationship is 

observed; the intensity of the signal collected at each location is likely to vary significantly 
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in relation to the local biochemical composition.  In particular, the presence of cytoplasmic 

granularity is likely to significantly affect the measured SNR.  Therefore, the decision 

regarding the selection of the number of spectra for oocyte characterisation was not based 

upon the measured SNR improvement alone.  

The results obtained from the sub-sampling experiments indicated that any of the three 

protocols would provide an adequate approximation of the oocyte spectrum.  However, it 

was also noted that upon increasing the number of average spectra, the approximation 

improved.  Considering these results and the heterogeneous nature of the ooplasm, for 

subsequent analysis where high resolution mapping was not suitable, reduced mapping was 

performed such that 101 spectra were collected at a constant interval of 6 m.  

4.5 Conclusions 

The work presented here has highlighted the need for careful consideration of experimental 

design when planning Raman spectroscopic analysis of biological samples.  The results 

obtained in this study lead to the selection of 4 % paraformaldehyde as the fixative for 

subsequent work.  Furthermore, a spectral acquisition time of 37 s and laser power of 35 mW 

were found to provide good SNR and not induce sample photo-degradation.  Finally, it was 

established that an oocyte could be accurately characterised by 101 spectra collected by sub-

sampling at an interval of 6 m. 



 

 

 

 

 

 

   

 

Chapter 5 

Investigation of Intra-Oocyte Biochemical Variation 

Using Raman Mapping Methodology 

 

 

 

            

Temporal changes in the organisation and biochemical profile of the cytoplasm of oocytes 

and embryos is well established.  However, the visualisation of these alterations often 

requires complicated staining protocols.  This work aims to investigate the application of 

Raman micro-spectroscopic mapping for the investigation of intra-oocyte and intra-embryo 

biochemical variation, with a view to providing an alternative method for monitoring the 

complex processes of oocyte cytoplasmic maturation and embryo cleavage.  
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5.1 Introduction 

The oocyte is a complex cell which changes significantly during its development and 

maturation.  During the period of growth and development, the ooplasm increases markedly 

in volume.  However, more significant are the biochemical modifications which occur at this 

time.  There is a marked increase in RNA expression and protein production, organelle copy 

numbers increase, and cytoskeletal organisation is constantly changing.  For example, 

cortical granules appear and migrate to the periphery of the oocyte in preparation for 

recruitment in the polyspermy block reaction.  These modifications indicate that there exists 

significant temporal biochemical variation within the oocyte. 

Raman micro-spectroscopic mapping has previously been reported for the visualisation of 

biochemical variation within cells[172] and tissues[210].  In addition to simple univariate 

techniques, several multivariate methodologies have been described for the elucidation of 

biochemical variation.  In particular, both hierarchical[173] and k-means optimised[171, 

174] cluster analysis have been used for identifying regions of similarity in Raman maps. A 

recent paper has described Raman mapping of GV and MII oocytes[248]; however, 

hierarchical cluster maps were described for the high wavenumber region (2800 - 3100 cm
-1

) 

only and consequently, mainly describe variation in lipid structure and distribution. 

In this work, the use of Raman mapping for the visualisation of biochemical variation within 

GV and MII oocytes and early-stage embryos is reported.  The spectral mapping described 

was performed in the fingerprint region, and thus enables the investigation of all major 

macromolecule groups.  The presentation of univariate maps enables the visualisation of 

protein and lipid distributions.  Furthermore, multivariate maps generated using k-means 

cluster analysis enable the change in location and relative concentrations of specific 

macromolecule groups during development to be investigated. 
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5.2 Materials and Methods 

5.2.1 Sample Selection and Preparation 

Pre-antral follicles displaying good morphology were dissected from the ovaries of 3-week 

old mice; GV oocytes were collected by rupturing pre-antral follicles and IVM oocytes were 

collected after the 24 hour maturation of COCs which had been obtained from pre-antral 

follicles cultured for 6 days. Fertilised oocytes, which had been collected from superovulated 

mice displaying a vaginal plug after being placed overnight with a proven male, were 

cultured for 24 and 48 hours to obtain 2-cell and 4-cell embryos, respectively.  All oocytes 

and embryos were washed thrice in PBS before being fixed for 30 minutes in 4 % 

paraformaldehyde.  After fixing, samples were washed thrice in PBS and were stored in PBS 

at 4 °C until Raman analysis.  Bovine serum albumin (BSA), immunoglobulin G from 

human serum, 1,2-Dioleoyl-sn-Glycero-3-phosphocholine (DOPC), 1,2-Dipalmitoyl-sn-

Glycero-3-phosphocholine (DPPC) and calf thymus DNA (SigmaAldrich, UK) were 

analysed without any further processing. 

5.2.2 Raman Spectroscopy Measurements 

Measurements were taken from each sample using the rectangular mapping acquisition 

protocol outlined in the Chapter 3.  Briefly, 1610 individual spectra were collected at a 

constant interval of 2 m through the central focal plane of the oocyte or embryo.  Each 

spectrum was integrated for 37 s over the spectral range 450 - 1790 cm
-1

 using a laser power 

of 35 mW.  A spectrum of the PBS buffer which surrounded the oocyte was also acquired 

using the same experimental conditions.  Spectra of a polystyrene standard and a neon light 

source were also taken in order to calibrate the wavenumber scale.  Individual Raman spectra 

were acquired for the chemical standards using the same experimental conditions.    
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5.2.3 Data Preprocessing and Extraction 

The 1610 spectra which were collected for each sample were treated as a group and 

subjected to a preprocessing routine, which is described in more detail in Chapter 3.  Firstly, 

the data underwent cosmic ray removal in order to remove the sharp intense peaks which 

spuriously appear in Raman spectra.  The wavelength scale was corrected using the neon and 

polystyrene spectra, such that spectra obtained at different times could be compared with 

confidence.  Subsequently, the oocyte spectra and PBS spectrum were smoothed using a     

3-point and 11-point boxcar function, respectively.  In order to remove the tails which result 

from this type of smoothing, the data was truncated to the region 455 - 1780 cm
-1

.  However, 

prior to this, the data was resampled such that the spectral sampling interval was set at 1cm
-1

.   

The spectral contribution of the PBS was then subtracted using the first derivative orthogonal 

vector method suggested by Maquelin et al.[230].  Following the correction for PBS 

contributions, the spectra were returned to their integrated form.  The remaining fluorescence 

background was subtracted by fitting a fourth order polynomial through the points at 456, 

478, 632, 800, 1142, 1512 and 1756 cm
-1

.  The spectra were further truncated to the region 

800 - 1760 cm
-1 

and then each spectrum was offset corrected, such that the minimum 

intensity was set to zero.  The dataset was passed through a threshold filter, based upon the 

integrated spectral area, to eliminate spectra which didn’t arise from the sample.  Finally, the 

remaining spectra were corrected for variations in sample thickness and fluctuations in laser 

intensity, using multiplicative signal correction (MSC).  The spectra acquired for the 

chemical standards were smoothed using a 3-point boxcar function and then re-sampled such 

that the spectral sampling interval was set at 1 cm
-1

.  The spectral region was truncated to the 

region 800 - 1780 cm
-1

 and the fluorescence background removed by fitting a second order 

polynomial.  The spectra were offset corrected before finally being normalised using the 

total intensity normalisation routine.  All data preprocessing was performed using MATLAB 

and in-house written scripts.  
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5.2.4 Data Analysis and Statistics 

Two univariate chemical maps were generated for each sample; the first displayed the 

intensity of the phenylalanine band at 1002 cm
-1

, and the second the intensity of the C-H 

deformation at 1437 cm
-1

.  Multivariate analysis of the sample maps was performed using   

k-means cluster analysis.  In the case of each sample, the optimum number of clusters was 

determined by considering the average silhouette value and sum of distances.  Pseudo-colour 

images were produced to show the distribution of the determined clusters.  Finally, the 

relative composition of the average spectrum for each cluster was approximated by fitting a 

selection of scaled biochemical standard spectra using an ordinary least squares routine with 

non-negative coefficient constraint:  The fit residuals are presented in Appendix 2. 

5.3 Results 

The biochemical standards used for the OLS fitting of the spectra obtained from the cluster 

analysis included substances belonging to all the major macromolecule groups.  The two 

protein standards, BSA and immunoglobulin, were chosen to provide spectra of proteins 

displaying -helical and -sheet secondary structure and the Raman spectra of DOPC, DPPC 

and calf thymus DNA provided reference spectra for unsaturated and saturated phospholipids 

and nucleic acids, respectively.  Three further standards, including mannose, glycogen and 

baker’s yeast RNA, were included in the OLS model but zero coefficients were returned for 

all spectra.  The zero coefficients for RNA and non-zero coefficients for DNA was 

unexpected.  However, the spectrum obtained from the RNA was dominated by an 

autofluorescence which was not observed in the DNA spectrum.  Consequently, the 

processed RNA spectrum was very noisy and lacked the spectral definition observed for the 

DNA.  It is postulated that the non-zero coefficients obtained for DNA is more likely to 

reflect the presence of RNA, which is known to be abundantly in the oocyte.  This theory is 

supported by the similarity in the functional groups present in both RNA and DNA. 
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Figure 5.1 presents the normalised spectra of the macromolecule standards which were used 

in the spectral fitting.  Contributions arising from the amide III and amide II vibrations, at 

1230 - 1260 and 1550 - 1565 cm
-1

, which are observed in the immunoglobulin spectrum are 

absent from the BSA spectrum.   The strong band, at 1090 - 1100 cm
-1

, which is observed in 

the DNA spectrum results from the O-P-O stretch in the backbone, while further Raman 

bands arising from the pyrimidine and purine bases are seen in the region 1250 - 1580 cm
-1

.  

Raman bands arising from the =C-H bending and C=C stretching vibrations are observed in 

the spectrum of the unsaturated DOPC but are absent from the saturated DPPC.  A broad 

band is present at 1650 cm
-1

 in the PBS spectrum which arises from H2O bending vibrations. 

 

Figure 5.1 – Raman spectra of standards used for least-squares fitting of average cluster spectra: (a) 

BSA; (b) DNA; (c) immunoglobulin; (d) DOPC; (e) DPPC; (f) PBS. 
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5.3.1 The Germinal Vesicle Oocyte 

It can be seen from Figure 5.2c, which shows the intensity of the phenylalanine band at  

1002 cm
-1

, that proteins are distributed throughout the ooplasm.  However, higher intensities 

are observed in the peripheral regions of the ooplasm.  This high protein concentration is not 

attributed to the glycoprotein zona pellucida, as the intensity threshold filter removed 

contributions arising from this structure.  Conversely, the intensity plot of the C-H 

deformation, arising from lipids, at 1437 cm
-1 

(Figure 5.2d) indicates a distinct perinuclear 

lipids distribution.  A marginally darker region is seen to surround the germinal vesicle in the 

white light image (Figure 5.2a), indicating that the darker regions of the ooplasm are 

associated with high lipid concentrations. 

Analysis of the sum of distances and average cluster silhouette values which were generated 

during the k-means cluster analysis revealed the optimum number of clusters to be three.  

The distribution of the three clusters within the oocyte can be seen from the pseudo-colour 

image in Figure 5.2b.  Comparison of Figures 5.2b and 5.2d shows good correlation between 

regions of high lipid intensity and the distribution of the red cluster.  Furthermore, the 

distribution of the blue cluster appears to match the regions of the intense phenylalanine 

stretches which are observed in Figure 5.2c, indicating that the blue cluster may describe 

protein rich regions of the cytoplasm.  It is unclear from the univariate images to what the 

green cluster, which is present on the periphery of the ooplasm, can be attributed. 

Analysis of the mean spectra from each of the clusters, which are presented in Figure 5.2e, 

enables greater elucidation as to the biochemical variation which exists within the GV 

oocyte.    The mean spectrum for the red cluster (red trace) displays higher contributions in 

the region of the C-C stretch and the CH2 and CH deformations at 1060 - 1090, 1300 and 

1437 cm
-1

, which are associated with lipids.  The mean spectra derived from the blue (blue 

trace) and green (green trace) clusters both show increased contribution around 1340 cm
-1

,  
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Figure 5.2 – Image panel displaying Raman mapping results for a GV oocyte; (a) white light image of 

the oocyte; (b) pseudo-colour image created from k-means cluster analysis; (c) univariate intensity 

plot for phenylalanine band at 1002 cm
-1

 (d) univariate intensity plot for CH2 stretch at 1437 cm
-1

 and 

(e) average spectra for each cluster shown in panel (b). 
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which is a region associated with the C-H deformation in proteins.  However, the green trace 

also displays more prominent bands around 1370 and 1410 cm
-1

, that are known to arise in 

RNA from pyrimidine ring breathing and CH2 scissoring in the backbone, respectively[249]. 

These observations are consistent with the results obtained from the OLS fitting of the mean 

cluster spectra (Table 5.1).  It can be seen from these results that 24 % of the mean spectrum 

from the red cluster can be attributed to lipids, whilst only 17.1 and 13 % can be attributed to 

lipid vibrations in the blue and green clusters, respectively.  Although the contribution of   -

sheet proteins is relatively constant across the clusters, higher -helical protein contributions 

are observed in both the blue and red clusters.  Significantly, the relative contribution of 

nucleic acids is highest in the green cluster, which is observed exclusively at the periphery of 

the ooplasm, indicating a higher concentration of RNA in this region.  The contribution of 

PBS in the mean cluster spectra increases from the red to blue to green clusters.  In the lipid-

rich regions, described by the red cluster, it is likely that localised hydration would be lower.  

However, almost 40 % of the green cluster spectrum is attributed to PBS.  It is postulated 

that this results from the reduced sampling volume present at the edge of the oocyte. 

Component Red Cluster Blue Cluster Green Cluster 

-helix protein 52.5  (35.2) 45.1 (29.5) 27.4 (17.5) 

Nucleic acids 3.1  (2.1) 7.0 (4.6) 14.5 (9.3) 

-sheet protein 28.6  (19.2) 33.4 (21.9) 33.1 (21.2) 

DOPC 35.7  (24.0) 26.1 (17.1) 20.3 (13.0) 

DPPC 0.0  (0.0) 0.0 (0.0) 0.3 (0.2) 

PBS 29.2  (19.6) 41.1 (26.9) 60.8 (38.9) 

 149.2  152.7  156.4  

Pearson R
2
 0.86  0.88  0.81  

 

Table 5.1 – Results of the standard spectra least squares fit of the mean cluster spectra derived from 

the k-means cluster analysis of the GV oocyte presented in Figure 5.2.  The values in the brackets 

indicate the percentage contribution of each standard to the average cluster spectrum.  The Pearson’s 

R
2
 value indicates the goodness of fit achieved. 
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5.3.2 The Metaphase II Oocyte 

It can be seen from Figure 5.3c, which shows the intensity of the phenylalanine band at  

1002 cm
-1

, that there exists protein aggregations within the ooplasm, with particular high 

concentrations located in the peripheral regions of the oocyte.  Significantly, an asymmetric 

distribution of phenylalanine Raman intensities is observed across the animal-vegetal axis, 

which could indicate the existence of oocyte polarisation.  Similarly, the intensity plot of the 

CH deformation, arising from lipids, at 1437 cm
-1 

(Figure 5.3d) displays regions of lipid 

aggregation throughout the ooplasm.  As with the GV oocyte, the location of the lipid 

aggregates appear to correspond to dark regions present in the white light image of the MII 

oocyte (Figure 5.3a). 

Analysis of the sum of distances and average cluster silhouette values which were generated 

during the k-means cluster analysis revealed the optimum number of clusters to be three.  

The distribution of the three clusters within the oocyte can be seen from the pseudo-colour 

image in Figure 5.3b.  Comparison of Figures 5.3b and 5.3d shows good correlation between 

regions of high lipid intensity and the distribution of the red cluster.  Furthermore, the 

distribution of the green cluster appears to match the regions of the intense phenylalanine 

stretches which are observed in Figure 5.3c, indicating that this cluster may describe protein 

rich regions of the cytoplasm.  The blue cluster, which is distributed throughout the ooplasm, 

appears to correspond to a biochemical profile which lies between the lipid-rich red cluster 

and the protein-rich green cluster. 

Analysis of the mean spectra from each of the clusters, which are presented in Figure 5.3e, 

enables greater elucidation as to the biochemical variation which exists within the MII 

oocyte.    The mean spectrum for the red cluster (red trace) displays significantly higher 

contributions in the region of the C-C stretch and the CH2 and CH deformations and 

carboxyl stretch at 1060 - 1090, 1300, 1437 and 1745 cm
-1

, which are associated with lipids.   
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Figure 5.3 – Image panel displaying Raman mapping results for an IVM oocyte; (a) white light image 

of the oocyte; (b) pseudo-colour image created from k-means cluster analysis; (c) univariate intensity 

plot for phenylalanine band at 1002 cm
-1

 (d) univariate intensity plot for CH2 stretch at 1437 cm
-1

 and 

(e) average spectra for each cluster shown in panel (b). 
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The mean spectra derived from the blue (blue trace) and green (green trace) clusters both 

show significantly increased contributions around 930 - 970 and 1340 cm
-1

, which is a region 

associated with the C-C stretch and C-H deformation in proteins.  Furthermore, the green 

trace also displays a prominent shoulder at 1670 cm
-1

which is indicative of an amide I shift 

resulting from an increase in -sheet protein concentration. 

Examination of the results obtained from the OLS fitting of the mean cluster spectra     

(Table 5.2) shows that the sum of coefficients for each cluster is greater for the MII oocyte 

when compared to the GV oocyte.  This result indicates an accumulation of macromolecules 

during the progression from GV to MII.   In particular, there are marked increases in lipids 

and both -helical and -sheet proteins during the period of cytoplasmic maturation, which 

is concomitant with a decrease in PBS contribution during the same period.  Furthermore, 

only the red cluster spectrum for the MII oocyte had contributions arising from nucleic acids, 

amounting to 1.1 %; this was significantly lower than the 2.1 - 9.3 % observed in the GV 

oocyte cluster spectra, suggesting a decrease in the concentration of RNA present in the 

mature oocyte.   

Component Red Cluster Blue Cluster Green Cluster 

-helix protein 68.6 (36.1) 85.2 (42.9) 81.4 (39.7) 

Nucleic acids 2.1 (1.1) 0.0 (0.0) 0.0 (0.0) 

-sheet protein 33.9 (17.8) 54.5 (27.5) 59.6 (29.1) 

DOPC 76.6 (40.3) 50.0 (25.2) 42.1 (20.6) 

DPPC 2.0 (1.0) 0.0 (0.0) 0.0 (0.0) 

PBS 6.9 (3.6) 8.8 (4.4) 21.8 (10.6) 

 190.0  198.4  204.9  

Pearson R
2
 0.93  0.92  0.91  

 

Table 5.2 – Results of the standard spectra least squares fit of the mean cluster spectra derived from 

the k-means cluster analysis of the IVM oocyte presented in Figure 5.3. The values in the brackets 

indicate the percentage contribution of each standard to the average cluster spectrum.  The Pearson’s 

R
2
 value indicates the goodness of fit achieved. 
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5.3.3 The 2-cell Embryo 

It can be seen from Figure 5.4c, which shows the intensity of the phenylalanine band at  

1002 cm
-1

, that particularly high concentrations of protein are present in the peripheral 

regions of the blastomeres, or constituent cells, of the 2-cell embryo. Conversely, the 

intensity plot of the CH deformation, arising from lipids, at 1437 cm
-1 

(Figure 5.4d) displays 

centrally located regions of lipid-rich material within each blastomere.  However, it is worth 

noting that in each blastomere a small region within the lipid-rich area is lipid deficient.   

Furthermore, unlike the GV and MII oocytes the white light image (Figure 5.4a) does not 

reveal any morphological associations with the observed lipid-rich regions. 

Analysis of the sum of distances and average cluster silhouette values which were generated 

during the k-means cluster analysis revealed the optimum number of clusters to be three.  

The distribution of the three clusters within the oocyte can be seen from the pseudo-colour 

image in Figure 5.4b.  Comparison of Figures 5.4b and 5.4d shows good correlation between 

regions of high lipid intensity and the distribution of the red cluster.  Furthermore, the 

distribution of the blue cluster appears to match the regions of the intense phenylalanine 

stretches which are observed in Figure 5.4c, indicating that this cluster may describe protein 

rich regions of the cytoplasm.  The green cluster, which is distributed throughout the 

cytoplasm, appears to correspond to a biochemical profile which lies between the lipid-rich 

red cluster and the protein-rich blue cluster. 

Analysis of the mean spectra from each of the clusters, which are presented in Figure 5.4e, 

enables greater elucidation as to the biochemical variation which exists within the 2-cell 

embryo.  The mean spectrum for the red cluster (red trace) displays significantly higher 

contributions in the region of the C-C stretch and the CH2 and CH deformations at          

1060 - 1090, 1300, 1437 cm
-1

, which are associated with lipids.  The mean spectrum derived 

for the blue cluster shows greater contributions in the region of 930 - 970, 1030, 1125, 1157,  
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Figure 5.4 – Image panel displaying Raman mapping results for a 2-cell embryo; (a) white light 

image of the oocyte; (b) pseudo-colour image created from k-means cluster analysis; (c) univariate 

intensity plot for phenylalanine band at 1002 cm
-1

 (d) univariate intensity plot for CH2 stretch at   

1437 cm
-1

 and (e) average spectra for each cluster shown in panel (b). 
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1163, 1207 and 1310 - 1340 cm
-1

, which are all regions associated with the protein molecular 

vibrations.  Finally, the mean spectrum derived from the green cluster displayed slightly 

elevated contributions in the regions of the lipid C-H deformation at 1437 cm
-1

 , a reduction 

in the intensity of the amide III band around 1250 cm
-1

 and broadening of the amide I 

envelope consistent with a elevated concentrations of water. 

Examination of the results obtained from the OLS fitting of the mean cluster spectra     

(Table 5.3) shows that the sum of coefficients for each cluster is slightly lower for the 2-cell 

embryo when compared to the mature oocyte, but still higher than those observed for the 

immature oocyte.  This result suggests a decrease in cytoplasmic macromolecular 

concentration during the fertilisation and cleavage process; in particular, a slight drop in     

-helical protein and unsaturated lipid content is observed.  Conversely, each of the clusters 

shows contributions arising from saturated lipids which were not present in the oocytes.  

Furthermore, it can be seen from the OLS results that no contributions arising from nucleic 

acids are present in the 2-cell cluster spectra; this is consistent with the fall in nucleic acid 

content which was observed during cytoplasmic maturation. 

Component Red Cluster Blue Cluster Green Cluster 

-helix protein 70.2 (39.3) 74.6 (39.5) 66.8 (36.1) 

Nucleic acids 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

-sheet protein 49.3 (27.6) 72.2 (38.3) 59.3 (32.0) 

DOPC 53.9 (30.1) 38.5 (20.4) 41.0 (22.1) 

DPPC 0.8 (0.5) 0.5 (0.2) 2.1 (1.1) 

PBS 4.5 (2.5) 2.9 (1.5) 16.0 (8.6) 

 178.8  188.7  185.2  

Pearson R
2
 0.95  0.95  0.93  

 

Table 5.3 – Results of the standard spectra least squares fit of the mean cluster spectra derived from 

the k-means cluster analysis of the 2-cell embryo presented in Figure 5.4. The values in the brackets 

indicate the percentage contribution of each standard to the average cluster spectrum.  The Pearson’s 

R
2
 value indicates the goodness of fit achieved. 
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5.3.4 The 4-cell Embryo 

It can be seen from Figure 5.5c, which shows the intensity of the phenylalanine band at  

1002 cm
-1

, that particularly high concentrations of protein are present in the peripheral 

regions of the blastomeres of the 4-cell embryo.  Additional protein-rich regions are seen to 

bisect some of the blastomeres. Conversely, the intensity plot of the CH deformation, arising 

from lipids, at 1437 cm
-1 

(Figure 5.5d) displays lipid aggregates distributed throughout the 

blastomeres. Comparison with the white light image (Figure 5.5a) reveals that some of the 

lipid-rich regions are associated with darker regions of the cytoplasm.  Furthermore, it is 

suggested that the lower intensities which are observed for the bottom right blastomere result 

due to the blastomere being situated outwith the imaging focal plane (Figure 5.5a).  

Analysis of the sum of distances and average cluster silhouette values which were generated 

during the k-means cluster analysis revealed the optimum number of clusters to be three.  

The distribution of the three clusters within the oocyte can be seen from the pseudo-colour 

image in Figure 5.5b.  Comparison of Figures 5.5b and 5.5d shows good correlation between 

regions of high lipid intensity and the distribution of the red cluster.  Furthermore, the 

distribution of the blue cluster appears to match the regions of the intense phenylalanine 

stretches which are observed in Figure 5.5c, indicating that this cluster may describe protein 

rich regions of the cytoplasm.  It is unclear from the univariate images to what the green 

cluster, which is located on the periphery of the blastomeres, can be attributed. 

Analysis of the mean spectra from each of the clusters, which are presented in Figure 5.5e, 

enables greater elucidation as to the biochemical variation which exists within the 4-cell 

embryo.    The mean spectrum for the red cluster (red trace) displays significantly higher 

contributions in the region of the C-C stretch and the CH2 and CH deformations at 1060 - 

1090, 1300, 1437 cm
-1

, which are associated with lipids.  The mean spectrum derived for 

both the blue and green clusters show greater contributions in the region of 1310 - 1340 cm
-1

,  
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Figure 5.5 – Image panel displaying Raman mapping results for a 4-cell embryo; (a) white light 

image of the oocyte; (b) pseudo-colour image created from k-means cluster analysis; (c) univariate 

intensity plot for phenylalanine band at 1002 cm
-1

 (d) univariate intensity plot for CH2 stretch at   

1437 cm
-1

 and (e) average spectra for each cluster shown in panel (b). 
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which is associated with the C-H deformation in proteins.  Furthermore, the spectrum of the 

blue cluster displays strong contributions around 930 - 970, 1030 and 1173 cm
-1

, which are 

regions indicative of -sheet protein vibrations.  Conversely, the mean spectrum derived 

from the green cluster displayed slightly elevated contributions in the regions of 1370 -   

1410 cm
-1

, which is suggestive of the presence of nucleic acids.  There is also broadening of 

the amide I envelope which is consistent with elevated concentrations of water in this cluster. 

Examination of the results obtained from the OLS fitting of the mean cluster spectra     

(Table 5.4) shows that the sum of coefficients for each cluster are similar to those obtained 

for the 2-cell embryo.  This result suggests that no net change in the total macromolecular 

concentration occurs during the further cleavage of the early-stage embryo.  However, 

changes in the relative concentration of macromolecules are observed; a small drop in 

protein content and an increase in unsaturated lipid content are observed.  A further increase 

in the contributions arising from saturated lipids is also seen in the spectra derived from the 

4-cell embryo.  It is suggested that the increase of PBS contributions in the green cluster 

spectrum are the result of the blastomeres not completely filling the imaging focal plane. 

Component Red Cluster Blue Cluster Green Cluster 

-helix protein 66.8 (38.5) 73.7 (40.9) 57.2 (29.8) 

Nucleic acids 0.0 (0.0) 0.0 (0.0) 5.0 (2.6) 

-sheet protein 35.9 (20.7) 47.6 (26.4) 49.3 (25.7) 

DOPC 60.3 (34.8) 45.2 (25.1) 44.2 (23.0) 

DPPC 2.4 (1.4) 0.9 (0.5) 3.2 (1.7) 

PBS 8.1 (4.6) 12.7 (7.1) 33.1 (17.2) 

 173.4  180.1  191.9  

Pearson R
2
 0.92  0.91  0.84  

 

Table 5.4 – Results of the standard spectra least squares fit of the mean cluster spectra derived from 

the k-means cluster analysis of the 4-cell embryo presented in Figure 5.5. The values in the brackets 

indicate the percentage contribution of each standard to the average cluster spectrum.  The Pearson’s 

R
2
 value indicates the goodness of fit achieved. 
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5.4 Discussion 

The Raman maps which are presented in this chapter were acquired using a point-mapping 

protocol and, as such, the total acquisition time was approximately 18 hours.  It is recognised 

that this acquisition time is excessive and unsuitable for the analysis of unfixed samples.  

However, it is not intended that this methodology would serve as a diagnostic protocol in a 

clinical setting.  Instead, this work was performed to investigate the potential of Raman 

spectroscopy for the analysis and monitoring on biochemical variation in the oocyte and 

early embryo, for application in ovarian research.  As such, the analysis of fixed samples and 

longer acquisition times are more acceptable.  That being said, some instrumental 

modifications would enable the mapping time to be reduced:  Using a larger CCD array 

would reduce the map time to approximately 5 hours and the implementation of line 

mapping, whereby a column of map pixels are integrated simultaneously, could further 

reduce mapping times.  The implementation of these modifications, coupled with the use of 

the automated preprocessing and data analysis program which has been written, could thus 

provide an adjunct technique for oocyte visualisation in the research setting. 

The selection of GV and MII oocytes for this work was intended to provide an opportunity to 

investigate the biochemical alterations and cytoskeletal reorganisation which are associated 

with cytoplasmic maturation, and the potential of Raman spectroscopy for visualising this 

process.  Furthermore, the inclusion of Raman maps acquired from early-stage embryos 

provided an insight into the biochemical alterations which occur after fertilisation and during 

early cleavage. 

One of the main issues which had to be addressed in the preprocessing stage was the 

variation in sample thickness, which exists across the oocyte.  At the edge of the oocyte, the 

volume from which Raman scattering is collected is not fully occupied by the oocyte, as 

demonstrated in Figure 5.6.  The application of multiplicative signal correction has  
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Figure 5.6 – Illustration of the effect of variation in sample thickness on illumination and scattering 

volume; the image on the left shows that the oocyte completely fills the scattering volume, whereas, 

the image rights shows that the oocyte only partially fills the scattering volume.  QC denotes the 

quartz coverslip upon which the oocyte was mounted. 

previously been reported for sample thickness correction[209].  Minimal variation was 

observed in the integrated spectral intensity across the oocyte after implementation of MSC, 

indicating that this technique successfully addresses the variation in sample thickness. 

Comparison of the univariate images, which were generated from the intensity of the C-H 

deformation at 1437 cm
-1

, and the pseudo-colour images generated during the cluster 

analysis provided an insight into the redistribution of lipids during the process of 

cytoplasmic maturation and cleavage.  In each case, it appeared that the lipid-rich regions of 

the sample were associated with the red cluster.  In the immature oocyte, a perinuclear 

distribution of lipids is observed (Figure 5.2d).  At the GV stage, oocytes have not 

accumulated large lipid deposits, such as those observed in the mature oocyte (Figure 5.3d).  

As such, it is postulated that many of the lipid vibrations observed in the GV oocyte arise 

from the lipid-rich mitochondrion.  This theory is supported by the correlation between the 

lipid-rich regions, which were identified by the univariate and cluster maps, and the widely 

reported perinuclear distribution of mitochondria in the GV oocyte[36, 250]. 

The results obtained for the MII oocyte, indicate that the mature oocyte contains 

significantly higher concentrations of lipids when compared to the immature oocyte.  This 

result is consistent with the accumulation of lipid deposits and increase in mitochondrial 

QC
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copy number which is known to occur during cytoplasmic maturation.  Examination of the 

corresponding images indicates several regions of intense lipid aggregation, as identified by 

the red cluster in the pseudo-colour image.  These regions are identified in the white light 

image by dense dark regions in the cytoplasm.  It is unclear whether these regions are the 

result of mitochondrial aggregates, which have been reported in MII oocytes[250, 251], or 

accumulated lipid deposits which are thought to be energy stores equivalent to yolk.  

Intermediate lipid vibration intensities are observed throughout the cytoplasm, as depicted by 

the blue cluster in Figure 5.3, which are characteristic of the mitochondrial distribution 

reported for MII oocytes. 

The sum of the OLS coefficients for both the 2-cell and 4-cell embryos was lower than those 

observed for the MII oocyte, indicating that there is a loss of macromolecules from the 

cytoplasm during the process of fertilisation and cleavage.  This finding is consistent with 

the reported change in dry mass of oocytes and embryos during development[252].  In 

particular, a significant reduction in lipid content is observed between the MII and 2-cell 

stage.  This is most likely a result of the recruitment of lipid droplets for membrane 

production during cleavage.  Contributions arising from saturated lipids are observed in both 

the 2-cell and 4-cell embryo, yet they are absent from the oocytes, however it is unclear why 

this change occurs.  It is suggested that as the highest concentrations are observed 

predominantly in the green cluster, which is close to the cell membrane, that these saturated 

lipids are associated with the membrane structure whose surface area increases upon 

cleavage. 

Comparison of the univariate images, which were generated from the intensity of the 

phenylalanine symmetric stretch at 1002 cm
-1

, and the pseudo-colour images generated 

during the cluster analysis provided an insight into the redistribution of proteins during the 

process of cytoplasmic maturation and cleavage.  In the GV oocyte, high protein intensities 
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are observed in the cortical region of the ooplasm, which are identified by the blue cluster.  

This distribution is consistent with the cortical location of the Golgi apparatus, whose 

primary role is the production of glycoproteins for the zona pellucida, and the migration of 

the cortical granules to the periphery of the ooplasm, in preparation for recruitment during 

the sperm block reaction[33]. 

The results obtained for the MII oocyte, indicate that the mature oocyte contains 

significantly higher concentrations of proteins when compared to the immature oocyte.  This 

result is in accordance with the increase in cellular protein production and the number of 

sub-cellular structures, including the fibrous lattices, which occurs during cytoplasmic 

maturation.  Examination of the corresponding images, show that proteins are distributed 

throughout the ooplasm of the MII oocyte, although some asymmetry is observed to exist 

across the animal-vegetal axis.  In the mouse, the role of oocyte polarity in subsequent 

embryonic cleavage is still not fully resolved[253].  However, if this asymmetry represents 

polarisation it suggests that the use of Raman spectroscopy could provide further insight in 

this matter.  In particular, the application of Raman imaging could enable temporal 

investigations of polarity and embryo cleavage. 

The univariate images for both the 2-cell and 4-cell embryos display particularly high 

contributions from proteins at the periphery of the blastomeres.  This observation suggests 

peripheral localisation of ribosomes, which is consistent with the uptake of amino acids that 

has been reported to be essential for successful embryo development.  Additionally, the       

4-cell univariate image shows some protein-rich regions bisecting the blastomeres which 

could be indicative of imminent cleavage.  It is noteworthy that the coefficients derived 

during the OLS fit of the 4-cell embryo show a decrease in the contribution of proteins when 

compared to the MII and 2-cell embryo.  This is in accordance with the reported decrease in 

total protein content during the first few days of murine embryo development[254]. 
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The results of the OLS fitting also revealed that the RNA contributions, which were sizeable 

in the GV oocyte, reduced significantly in the MII oocyte, and were completely absent in the 

2-cell embryo.  However, small contributions were observed in the 4-cell embryo.  The 

reduction between the GV and MII stage is supported by evidence of RNA degradation upon 

resumption of meiosis.  Furthermore, it is widely acknowledged that by the 2-cell stage the 

maternal RNA has almost entirely degraded[30].  At this point the embryonic genes are 

“switched on” and embryonic RNA production increases, which would account for the 

increase in RNA contributions observed in the 4-cell embryo[255].  

The absence of contributions from carbohydrates in the OLS fitting of the sample spectra is 

unexpected, as oocytes are known to contain glycogen granules which are thought to form 

part of the “mammalian yolk”.  However, it is suggested that due to their small size, these 

membrane bound vesicles do not contribute significantly to spectrum of the interrogated 

volume.  The region from which Raman scattering is collected is determined by a number of 

parameters; the numerical aperture of the microscope objective, spectrometer confocal slit 

width and refractive index mismatches can all affect the actual volume sampled[256, 257].  

The use of an immersion microscope objective with higher numerical aperture would enable 

Raman maps, corresponding to thinner optical sections, to be acquired.  This experimental 

modification could reveal more detailed macromolecule localisation than is presented in this 

work.  However, the Raman spectrum of the immersion medium and optical coatings and the 

transmission efficiency must all be considered when selecting a suitable microscope 

objective. 

5.5 Conclusions 

The work presented in this chapter has demonstrated that Raman microscopic mapping can 

be used to investigate the biochemical variation which exists within the oocyte and embryo 

at different stages of development.  Specifically, marked changes in protein and lipid 
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distributions are observed in samples derived from different developmental stages.  Much of 

the observed macromolecule localisation is consistent with previously documented temporal 

changes in cytoplasm organisation.  OLS fitting of the mean spectra derived from the          

k-means cluster analysis revealed significant changes in the relative concentrations of 

macromolecules between the studied developmental stages.  Of particular interest was the 

asymmetric distribution of macromolecules in the MII oocyte, a phenomenon which could be 

the result of oocyte polarisation.  This observation indicates that Raman spectroscopy could 

be used for the investigation of oocyte polarity and subsequent embryo cleavage. 



 

 

 

 

 

 

   

 

Chapter 6 

A Raman Spectroscopic Analysis of the Biochemistry 

of Oocyte Development 

 

 

 

            

A quantitative technique for the assessment of oocyte maturity would undoubtedly improve 

the efficiency of ART methodologies.  As such, this work presents the use of Raman 

spectroscopy for the discrimination of GV and IVM oocytes, reporting the biochemical basis 

of their distinction.  Furthermore, a logistic regression model for the classification of oocyte 

maturity is described. 
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6.1 Introduction 

The determination of the progression of oocyte maturation has been recognised as being one 

of the main obstacles to improving the efficiency of IVF treatments[33].  Whilst some 

advances in the assessment of nuclear maturation have been made with the development of 

techniques such as birefringence imaging[68, 70, 72], issues remain with the quantification 

of ooplasmic maturation. 

The cytoplasm of the oocyte undergoes extensive alteration during the progression from the 

GV to MII stage of meiosis, as demonstrated in Chapter 5.  The accumulation of organelles, 

macromolecules and the cytoskeletal reorganisation, all contribute to the changing 

biochemical profile of the ooplasm during this period of maturation.  In particular, an 

upregulation in protein expression, an increase in mitochondrial copy number and an 

increase in lipid deposits are all observed during oocyte cytoplasmic maturation.  These 

marked changes in the biochemical profile of the ooplasm during development and 

maturation should make the oocyte an ideal candidate for spectroscopic investigation.  

Indeed, a recent paper describes the use of IR spectroscopy for the discrimination of GV and 

MII oocytes collected from stimulated cycles[248].  

The effect of exogenous hormonal stimulation on oocyte biochemistry has not yet been fully 

described.  Therefore, it is of interest to compare immature and mature oocytes collected 

from follicles which have not been subjected to the elevated hormonal levels used during 

stimulation.  Furthermore, the analysis of immature and mature oocytes, which originate 

from the same follicular cohort, enables a more objective examination of the biochemical 

modifications which occur during the maturation process.  In this work, the use of Raman 

spectroscopy combined with PCA-CVA is described for the discrimination of immature and 

mature oocytes.  Furthermore, the development of a logistic regression algorithm, using 

Raman intensity ratios, for the classification of oocyte maturity is described for the first time.  
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6.2 Materials and Methods 

A total of 7,777 Raman spectra which were acquired from 77 oocytes formed the basis of 

this study:  These data were then analysed in combination with spectra acquired during the 

work reported in Chapter 7.   This particular study was concerned with the examination of 

the biochemical variations which exist between immature and mature oocytes and the ability 

of Raman spectroscopy to detect these differences.  Initially, the biochemical variation 

between immature and mature oocytes was examined using oocytes collected from the same 

follicular cohort; GV oocytes were collected from pre-antral follicles (n=39, 4 replicates) and 

in vitro matured oocytes were collected from cultured pre-antral follicles(n=38, 4 replicates).  

Later, further comparisons were investigated using oocytes collected after stimulated (n=59, 

4 replicates) and unstimulated (n=38, 4 replicates) ovulation cycles.  

6.2.1 Sample Selection and Preparation 

The treatment protocols for each oocyte group are discussed in detail in Chapter 3, but a 

brief overview of the collection and treatment will be presented here.  Pre-antral follicles 

displaying good morphology were dissected from the ovaries of 3-week old mice and pooled 

for subsequent treatment.  Half of the follicles were immediately ruptured and the enclosed 

GV oocytes were collected (GV oocytes: GV). The remaining pre-antral follicles were 

cultured for 6 days before maturing the COCs for a final 24 hours (in vitro matured oocytes: 

IVM).  Mice were superovulated by administering PMSG, followed 47 hours later by hCG, 

with superovulated oocytes being collected 18 hours after hCG injection (superovulated 

oocytes: SO).  Oocytes from unstimulated cycles were collected from mice which were 

judged to be in oestrous by vaginal examination (unstimulated mature oocytes: USO).  All 

oocytes were washed thrice in PBS before being fixed for 30 minutes in 4 % 

paraformaldehyde solution.  After fixing, oocytes were washed thrice in PBS and were 

stored in PBS at 4 °C until Raman analysis. 
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6.2.2 Raman Spectroscopy Measurements 

Measurements were taken from each oocyte using the reduced map acquisition protocol 

outlined in Chapter 3.  Briefly, 101 individual spectra were collected at a constant interval of 

6 m through the central focal plane of the oocyte.  Each spectrum was integrated for 37 s 

over the spectral range 450 - 1790 cm
-1

 using a laser power of 35 mW.  A spectrum of the 

PBS buffer which surrounded the oocyte was also acquired using the same experimental 

conditions.  Spectra of a polystyrene standard and a neon light source were also taken in 

order to calibrate the wavenumber scale.   

6.2.3 Data Preprocessing and Extraction 

The 101 spectra which were collected for each oocyte were treated as a group and subjected 

to a preprocessing routine, which is described in more detail in Chapter 3.  Firstly, the data 

underwent cosmic ray removal in order to remove the sharp intense peaks which spuriously 

appear in Raman spectra.  The wavelength scale was corrected using the neon and 

polystyrene spectra, such that spectra obtained at different times could be compared with 

confidence.  Subsequently, the oocyte spectra and PBS spectrum were smoothed using a     

3-point and 11-point boxcar function, respectively.  In order to remove the tails which result 

from this type of smoothing, the data was truncated to the region 455 - 1780 cm
-1

.  However, 

prior to this, the data was resampled so that the spectral sampling interval was set at 1 cm
-1

.   

The spectral contribution of the PBS was then subtracted using the first derivative orthogonal 

vector method suggested by Maquelin et al.[230].  Following the correction for PBS 

contributions, the spectra were returned to their integrated form.  The remaining fluorescence 

background was subtracted by fitting a fourth order polynomial through the points at 456, 

478, 632, 800, 1142, 1512 and 1756 cm
-1

.   Next, an average spectrum was generated by 

taking the arithmetic mean of the 101 processed spectra.  The average spectra were truncated 

to the region 800 - 1760 cm
-1

 for the data analysis.  Following this, each spectrum was offset 
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corrected, such that the minimum intensity was set to zero.  Finally, each spectrum was 

normalised to its mean spectral intensity across all wavenumbers in order to account for 

fluctuations in laser intensity. All data preprocessing was performed using MATLAB and  

in-house written scripts.  

6.2.4 Data Analysis and Statistics 

Initially, the processed average spectra were grouped according to their treatment.  The mean 

spectrum, and its standard deviation, was then calculated for each oocyte group.  Using a 

two-tailed, unpaired t-test (=0.0001), the GV and in vitro matured groups were compared in 

order to locate spectral regions which are significantly different.  PCA and CVA were also 

performed on the entire data set, consisting of all mean spectra, to investigate the 

discrimination of the two groups. 

Subsequently, logistic regression was performed on the intensity ratios of three Raman peaks 

which were found to be significantly different by t-test.  Logistic regression is a common 

method implemented in biomedical research, as it is capable of relating a number of 

continuous independent variables to a binary dependant variable.  Unlike linear regression 

which fits the measured data using a linear relationship, logistic regression uses the non-

linear logit link function, which ensures that the outcome is constrained to values between 0 

and 1. 

The development of the algorithm was performed in MATLAB using built-in functions for 

generalised linear regression.  The algorithm was trained to classify oocyte maturity   

(mature = 1 and immature = 0) and was created using independent training and validation 

sets.  Spectra from GV and IVM oocytes were randomly allocated to either the training (3/5 

of oocytes from each group) or validation (2/5 of oocytes from each group) sets.  Based upon 

the results of the t-test and the PCA, three peaks were identified as inputs for the algorithm.  
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The intensity of these peaks with respect to the phenylalanine stretch at 1003 cm
-1

, which 

showed no significant variation between groups, was used to build the model, as described 

by Equation 6.1.     

𝑙𝑛  
𝑝

𝑝 − 1
 = 𝛽0 + 𝛽1  

𝐼1303

𝐼1003
 + 𝛽2  

𝐼1447

𝐼1003
 + 𝛽3  

𝐼1606

𝐼1003
  

Equation 6.1 

In Equation 6.1, p represents the probability that a particular oocyte belongs to the mature 

group (i.e. y = 1).  As such, the left hand side of the equation is equivalent to the log odds of 

the oocyte belonging to the mature group.  0, 1, 2 and 3 represent the derived coefficients 

determined for the independent variables, which in this case are the intensity ratios. 

Using leave-one-out cross validation methodology combined with sequential forward feature 

selection, the model coefficients were optimised such that the deviance, as defined by            

-2 log likelihood ratio, of the model fit was minimised.  The predictive ability of the 

algorithm was then tested using the validation data set.  Furthermore, in order to test the 

robustness of the model, its predictive ability was tested using data obtained from 

unstimulated and stimulated ovulation cycles.  

6.3 Results 

Upon examination of the average spectra obtained from the GV and IVM oocytes prior to 

normalisation, it can be seen that a greater overall intensity is observed for the IVM oocytes, 

when compared to the GV oocytes, as illustrated in Figure 6.1.  This marked difference is not 

unexpected when considering the samples being investigated; GV oocytes are known to 

contain fewer proteins, lipids and organelles than their mature counterparts.  The 

significance of this overall difference in intensity during the normalisation process can be 

seen from Figure 6.1.  After normalisation, it appears that GV oocytes contain more protein 

than in vitro matured oocytes.  This, however, is known not to be true; instead this is an 
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artefact resulting from the total intensity normalisation procedure.  It is essential that the 

spectra are normalised prior to analysis, to account for fluctuations in laser intensity, 

especially as these experiments were conducted over an extended period of time.  However, 

these artefacts mean that particular care must be taken when interpreting the results obtained 

from these analyses, so as to prevent incorrect conclusions regarding macromolecular 

concentrations.  It should be noted however, that the total intensity normalisation procedure 

preserves intensity ratios, and thus ratios will provide a more robust comparison method. 

 
Figure 6.1 – Illustration of the effect of normalisation on the average spectra with significantly 

different overall intensities.  In each plot, the blue and red traces represent the average spectra for the 

IVM and GV oocyte groups, respectively. 
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The GV and IVM oocytes examined in this work were collected by selecting follicles, which 

met strict criteria regarding size and morphology, from the same follicular cohort.  The 

selected follicles were divided into two groups, with one set being cultured to provide IVM 

oocytes, and the others immediately ruptured to provide GV oocytes.  To examine the 

synchronicity of the oocyte and follicular development, the mean spectra and their associated 

standard deviations were calculated for the two groups, as depicted by Figure 6.2.  Greater 

spectral variation can be seen within the GV group when compared to the IVM group.  

 

Figure 6.2 – Mean Raman spectrum +/- 1 standard deviation for the GV and IVM groups.  In each 

plot, the black trace depicts the mean spectrum and the red region the standard deviation.  Greater 

spectral variation can be seen within the GV group, as evidenced by the larger standard deviations. 
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In order to further investigate this variation, and any deviation which exists between the two 

sample groups, a difference spectrum was calculated.  Furthermore, an unpaired two-tailed    

t-test was performed to identify regions of statistical significance.  Figure 6.3 details the 

results of this comparison.  Large variations are observed in the difference spectrum in the 

region of 1040 - 1090, 1290 - 1310, 1430 - 1490 and 1600 - 1700 cm
-1

, which correspond to 

the C-C stretch and CH2 twist in lipids, the CH2 deformation and the amide I envelope, 

respectively.  Furthermore, examination of the t-test results shows 18 peak locations to be 

significantly different between the two groups, as annotated in Figure 6.3.  Lower intensities 

were observed in IVM oocytes at 990, 1207, 1338, 1385, 1551, 1586, 1606, 1620 and     

1658 cm
-1

, which with the exception of 1385 cm
-1

, all arise due to protein bond vibrations.  

Conversely, higher intensities were observed in IVM oocytes at 876,890, 896, 972, 1042, 

1063, 1080, 1303 and 1447 cm
-1

, which predominately arise due to lipid bond vibrations. 

 

Figure 6.3 – Mean spectra for GV and IVM oocytes and the associated difference spectrum (IVM-GV) 

depicted by the red, blue and black plots, respectively.  Raman bands which were judged to be 

significantly different (p=0.0001) by an unpaired t-test are annotated. 
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Multivariate Analysis of Sample Groups 

Although the univariate statistics, which have been presented thus far, are useful for gaining 

an understanding of the variation which exists between the sample groups, they do not 

provide a true representation of data, such as that collected by Raman spectroscopy.  A more 

effective method for simultaneous analysis of spectroscopic data is multivariate statistical 

analysis.  High dimensionality is one of the major obstacles to statistical analysis of 

spectroscopic data.  So as to avoid the requirement of analysing excessively large numbers of 

samples, the data is subjected to dimension reduction, by means of PCA.  In this work, the 

PCA was performed on a data matrix which contained the 77 average Raman spectra which 

had been collected from the two sample groups (nGV = 39, nIVM = 38).  The variance in the 

original data space which is described by each PC is depicted by the scree plot in Figure 6.4.  

Over 95 % of the variance that existed in the original data is described by the first 10 PCs, 

although it can be seen that little additional variance is described by each PC after the sixth. 

 

Figure 6.4 – Variance explained by each new variable generated during the principal component 

analysis of the 77 average spectra collected for the two sample groups. 
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Figure 6.5 – Biplot showing the scores of each datum against the first and second component axes 

generated during the principal component analysis.  The individual GV and IVM oocytes are depicted 

by the red and blue markers, while their mean scores are denoted by GV and M, respectively. 

During PCA, each spectrum is assigned a score for each of the newly generated PCs which 

describe the contribution which each PC makes to the original spectrum.  Figure 6.5 depicts 

the scores of the first and second PC for each oocyte sampled.  It can be seen that there is a 

clear distinction between the immature and mature oocytes, with separation of the two 

groups along both the first and second PC.  Although a spread of scores along the other 

significant PCs is observed, there exists no distinction between the groups in these 

dimensions.  The large inter-oocyte variance within the GV group which was observed 

during the univariate analysis is further confirmed by the comparatively large variance in PC 

scores when compared to the tightly clustered IVM oocyte group scores.  Furthermore, it 
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should be noted that upon examination, no obvious within groups clusters were observed for 

the different experimental replicates. 

 

Figure 6.6 – PC loadings for the first four components calculated during PCA. 
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So as to understand the biochemical variation which separates the two groups, the PC 

loadings must be examined.  As the first four PCs describe the majority of the variation 

which existed between the samples, the plots of these PCs against the original data space 

axis are present in Figure 6.6.  The first PC is very similar in appearance to the difference 

spectrum presented in Figure 6.3; positive loadings are observed in the region 1050 - 1140, 

1290 - 1310 and 1430 - 1465 cm
-1

 which are regions predominately associated with lipid 

bond vibrations, whilst negative loadings are observed in the region of protein aromatic 

residue vibrations and the amide I envelope at 1550 - 1700 cm
-1

.  Conversely, the second PC, 

which also described separation of the two sample groups, shows positive loadings 

associated with protein bond vibrations.  Specifically, positive contributions are observed in 

the region of the C-C stretch at 990 cm
-1

, the amide III band at 1240 - 1280 cm
-1

, the C-H 

deformation at 1340 cm
-1

 and the amide I envelope at 1600 - 1670 cm
-1

.  The third and fourth 

PCs did not describe any separation of the two sample groups, but instead described inter-

oocyte biochemical variance. 

Although from the results of the PCA it appears that the majority of the variance which is 

present in the dataset exists as a result of the biochemical variation between immature and 

mature oocytes, the variance described by PCs 3 - 6 is non-trivial.  As such, it is sensible to 

combine these data to examine if the groups can still be well separated using CVA.  This 

analysis revealed that the group means could be successfully separated in one dimension by 

a single canonical variate, CV1, as defined by Equation 6.2, where PC1, PC2, PC3, PC4, PC5 

and PC6 are the corresponding PC scores for a given oocyte. 

 𝐶𝑉1 = 1.04𝑃𝐶1 − 0.92𝑃𝐶2 − 0.71𝑃𝐶3 + 0.40𝑃𝐶4 + 0.2𝑃𝐶5 + 0.54𝑃𝐶6 

Equation 6.2 

Equation 6.2 confirms the results obtained from the PCA, such that the first and second PCs 

contribute most to the differentiation of the two groups. It is worth noting that analysis  
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Figure 6.7 – Boxplot showing 1
st
 canonical variate scores for the two sample groups.  For each 

group, the red line indicates the median and the box displays the line of the first and third quartiles.  

The black whiskers extend 1.5 times the inter-quartile rand in both directions.  Data outwith this 

range is considered to be an outlier and is annotated with a red cross. 

showed that increasing the number of PCs did not further improve the results of the CVA.  

Figure 6.7 depicts a boxplot generated using the results of the CVA.  It can be seen that there 

exists a clear distinction of the two groups with no overlap evident. 

Algorithm Development and Testing 

Although the multivariate statistical analysis presented in the previous section illustrates the 

significant biochemical variation which exists between the sample groups, its use in the 

classification of additional samples is limited by its methodology.  An alternative approach, 

given the marked spectral differences observed between the immature and mature oocyte, 
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would be to develop a classification algorithm based upon specific spectral intensities which 

could be easily extracted from new samples. 

The intensities of the peaks located at 1303, 1447 and 1606 cm
-1

 were selected as model 

inputs. These peaks were identified as being significantly different by the two-tailed t-test 

and demonstrated significant loadings in both PC1 and PC2 which had successfully 

separated the two oocyte groups.  As no significant difference was observed in the 

phenylalanine peak at 1003 cm
-1

, it was selected for standardising the selected intensities.  

Optimisation of the model was performed using leave-one-out cross validation sequential 

feature selection methodology.  This process found the intensity ratio of 1447 cm
-1

 

redundant, which led to the final model as described by Equation 6.3. 

𝑙𝑛  
𝑝

1 − 𝑝
 = −14.12 + 47.27

𝐼1303

𝐼1003
− 43.25

𝐼1606

𝐼1003
 

Equation 6.3 

Using the model defined above, a blinded analysis of the model’s predictive ability was 

performed using the independent validation set which consisted of 2/5 of the original data.  

Furthermore, the capability of the model in predicting oocyte maturity irrespective of the 

method of maturation was also tested using oocytes collected after unstimulated and 

stimulated ovulation cycles.  The scores which were calculated by the model for each of the 

oocytes are depicted in Figure 6.8.  These data show that only 1 of 15 GV oocytes were 

misclassified as being mature, whilst only 1 of 15 IVM oocytes were misclassified as being 

immature, equating to a sensitivity of 93.3 % and specificity of 93.3 %.  Significantly, 

although the model was not constructed using oocytes which had been matured in vivo, the 

classification of ovulated oocytes was successful.  Only 2 of 38 oocytes collected after 

unstimulated ovulation and 6 of 59 collected after stimulated ovulation were misclassified, 

which only results in a minor reduction in sensitivity to 92.0 %. 
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Figure 6.8 – Scatter plot depicting the results of the logistic regression for validation group. The red, 

blue, green and magenta markers denote GV (n=15), IVM (n=15), unstimulated (n=38) and 

superovulated (n=59) oocytes, respectively. 

6.4 Discussion 

As it is intended that this work could be transferred to the analysis of unfixed samples, the 

use of the reduced mapping methodology was employed, so as to minimise integration times 

and laser exposure.  It is, however, recognised that the 1 hour integration times used in this 

work are still too lengthy for the real-time assessment of oocyte maturity.  However, some 

simple instrumental modifications would enable the reduction of analysis times.  In 

particular, the use of Raman imaging, as will be discussed shortly, could potentially reduce 

acquisition times to several minutes per oocyte.  Such alterations would certainly facilitate 

real-time assessment. 
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In the field of ARTs, the assessment of oocyte maturity has attracted much attention, yet 

many of the techniques currently available lack the independent quantification required to 

significantly improve the efficiency of these treatments.  That being said, significant 

progress has been made in the assessment of nuclear maturation through the development of 

techniques such as birefringence imaging of the meiotic spindle.  This methodology has been 

reported to quantify developmental competence based upon the retardance of polarised light 

by the highly-structured spindle[69, 70, 72].  However, there have been conflicting results 

reported using this technique[258], which are indicative of the presence of factors other than 

meiotic maturity affecting subsequent developmental competence.  In particular, cytoplasmic 

maturity has been identified as being pivotal to not only successful nuclear maturation, but 

also developmental competence.  Currently, there is no quantitative method for assessing the 

extent of cytoplasmic maturation in the oocyte.  As such, the focus of the work presented in 

this chapter has been to investigate the biochemical changes which occur during the period 

of cytoplasmic reorganisation and maturation using Raman spectroscopy, with a view to the 

development of a quantitative measure of oocyte maturation. 

It is recognised that GV oocytes are readily identifiable by the presence of the centrally 

located germinal vesicle, and therefore, a quantitative technique is not required for their 

discrimination from mature oocytes.  However, their selection for this work was intended to 

provide an opportunity to investigate the ooplasmic alterations which occur during the late 

oocyte growth phase and cytoplasmic maturation, and to identify the potential of Raman 

spectroscopy for monitoring this process.  In order to benefit oocyte assessment in a clinical 

setting, further insight into the final modifications which take place during ooplasmic 

maturation would be required.  It is suggested that the analysis of oocytes recovered from 

cultured pre-antral follicles prior to COC maturation would provide a good model for this 

future work. 
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Comparison of the mean spectra derived from the GV and IVM oocytes prior to 

normalisation show a marked difference in overall spectral intensity.  This result 

demonstrates the sensitivity of Raman spectroscopy to the changing concentrations of 

macromolecules.  During the latter stages of oocyte growth, which continues until the early 

antral follicle stage, there is an increase in protein synthesis, and accumulation of 

cytoplasmic inclusions and an increase in organelle copy number[17, 30], with further 

modifications taking place during cytoplasmic maturation.  Consequently, it is unsurprising 

that the Raman spectroscopic profile of the mature oocyte indicates the presence of a larger 

number of bond vibrations across the entire spectral range.   

The intensity difference presents an issue in the analysis of biochemical variation between 

the two oocyte groups.  Specific spectral markers are of interest in this work, because non-

normalised intensity fluctuations are not a robust method for diagnostic classification, as a 

number of experimental factors, including laser fluctuations, can affect absolute spectral 

intensity.  As a result, the spectra in this work were subjected to spectral area normalisation.  

This methodology is, however, not ideal as the spectral interpretation must account for the 

variation in denominator; although it should be noted that this method of normalisation 

preserves the spectral ratios which existed in the original data.  It is proposed that the use of 

an external intensity calibration source would provide an alternate normalisation routine, 

enabling correction for experimental factors but retaining the original spectral intensity 

differences. 

It is apparent from the analysis of the standard deviation of the normalised spectra and the 

results of the PCA that much greater spectral variation exists in the GV oocytes when 

compared to the mature oocytes.  The source of the oocytes from each group should be 

considered when interpreting this observation.  Late pre-antral follicles, approximately 

180m in diameter which showed good morphology and contained a centrally located oocyte 



Chapter 6  The Biochemistry of Oocyte Development 

   

 

   

 

149 

 

were the originating source of oocytes in both cases.  However, unlike the IVM group which 

underwent 6 days of culture, during which some follicles became atretic and were discarded, 

the GV group were collected immediately from follicles which were at the same stage as 

those used for culture.  These observations coupled with the fact that many pre-antral 

follicles are lost to atresia indicate that the method used for the selection of GV oocytes may 

not preclude follicles, and therefore oocytes, which have intrinsic abnormalities.  

Furthermore, late pre-antral follicles contain oocytes which are still undergoing growth, and 

as such are subject to significant biochemical change and cytoplasmic reorganisation, a 

process which is known to be non-linearly related to follicle diameter[259]. 

Analysis of the difference spectrum obtained for the GV and IVM normalised group means 

indicate that there are several spectral regions which distinguish these samples, many of 

which are specific to lipid molecular vibrations.  These findings were further confirmed by 

the results of the t-test and PCA, whereby GV oocytes were found to have significantly 

lower contributions arising from lipid vibrations when compared with IVM oocytes.  These 

data are concomitant with the processes known to be involved in the latter stages of oocyte 

growth, and subsequently, cytoplasmic maturation.  One of the important aspects of oocyte 

growth is the increase in cytoplasmic organelles, and in particular the increase in 

mitochondria.  It is possible that these double-membrane bound organelles contribute the 

increase lipid bond vibrations.  However, more likely are contributions arising from the lipid 

droplets that accumulate throughout ooplasmic maturation[260, 261] and which are thought 

to be energy reserves for subsequent embryonic development and membrane production[33].  

Depending upon the source of the marked increase in lipid contributions, the transfer of this 

methodology for quantification of maturity in human oocytes may prove problematic, as the 

lipid droplet content of human oocytes is lower than that of murine oocytes[262]. 
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The significant biochemical variation which exists between the two groups made these 

samples ideal candidates for the construction of a classification algorithm based upon 

specific spectral markers for the discrimination of immature and mature oocytes.  Logistic 

regression was selected in preference to ordinary linear regression as it is more suited to 

modelling binary outcomes, such that the outcomes can only take one of two values; in this 

work, the two outcomes were chosen to be mature and immature.  However, that being said, 

logistic regression is most often applied in the field of biomedical research where the 

predictor variables represent the measurement of entirely independent characteristics, which 

is not true of the intensity ratios applied in this study. 

Two issues had to be overcome in the construction of the classification algorithm: 

multicollinearity of independent variables and complete separation of data.  It was found that 

there was a high degree of correlation, or multicollinearity, between many of Raman shifts 

which were identified by the t-test.  As such, including all of these intensities in the model 

was not possible.  Doing so would have resulted in poor estimates of the model 

coefficients[263].  Consequently, the intensities which were included in the model were 

selected by analysing the correlation matrix for the independent and dependant variables.  

However, selection of independent variables for the model had to be further refined in order 

to overcome the problem of complete separation.  Logistic regressions are computed by 

maximising the log-likelihood function of the model.  Complete separation occurs where a 

given vector, or set of model coefficients, can correctly classify all the samples, which in 

turn leads to a non-finite solution to log-likelihood function[264] and inflated coefficient 

standard errors.  This is an issue which often occurs in the construction of logistic regression 

models using small to medium sized data sets.   

Further logistic regression was performed using the integrated spectral areas of the 

statistically significantly regions in an effort to overcome the problem of multicollinearity.  
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However, problems of complete separation were still encountered, and work was focused on 

the original model.  Increasing the sample size for future work is likely to overcome the 

problem of complete separation and provide the opportunity to extend the model to include 

further independent variables.  Furthermore, statisticians have proposed the use of ridge 

regression or penalised likelihood estimators to help overcome the issue of multicollinearity, 

although there is no firm solution[232]. 

The final model demonstrated good performance in the classification of GV and IVM 

oocytes leading to a sensitivity of 93.3 % and specificity of 93.3 %.  Moreover, it performed 

well on the classification of mature oocytes obtained using different protocols.  It is 

noteworthy that the highest number of misclassifications occurred for the superovulated 

oocyte group.  This is unsurprising, as it is probable that some follicles were recruited 

prematurely in response to the exogenous hormonal stimulation.  Although very high 

sensitivities and specificities were obtained for these samples, it is anticipated that the 

discrimination of oocytes collected shortly before ovulation would be less distinct when 

compared to the mature oocytes.  Consequently, it is likely that a larger number of 

independent variables would be required for the construction of a classification algorithm 

and problems of complete separation are less likely.  

The development of the regression model identified two spectral intensities for the 

discrimination of immature and mature oocytes.  As one of the main goals of this work is to 

create a diagnostic method which would enable the rapid real-time quantification of oocyte 

maturity, the Raman protocol would require modification.  One possible solution for 

reducing acquisition times would be to implement Raman imaging as opposed to Raman 

micro-spectroscopy.  Raman imaging is analogous to fluorescence imaging in the sense that 

selected Raman bands are interrogated using a combination of an expanded laser beam and 
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bandpass filters.  Using this technique would enable the analysis of the entire oocyte as 

opposed to selected locations, and thus vastly reduce analysis times. 

6.5 Conclusions 

The work presented here demonstrates that immature and mature oocytes have distinct 

cytoplasmic spectral profiles.  Furthermore, the results show that a logistic regression model 

constructed using Raman intensity ratios can be used to successfully classify oocyte 

maturity.  Further studies which include oocytes collected prior to the final stages of 

maturation are required in order to extend the algorithm to a multinomial model for 

classification of GV, MI and MII oocytes.  The development of a Raman imaging protocol 

would also benefit future work by enabling live-cell analysis.  



 

 

 

 

 

 

 

 

Chapter 7 

A Raman Spectroscopic Analysis of the Biochemistry 

of Oocyte Maturation and Quality 

 

 

 

            

A quantitative technique is required for the effective development and testing of new ART 

methodologies in the lab.  As such, this study presents for the first time the use of Raman 

spectroscopy for the direct analysis of oocytes matured and ovulated using different 

protocols.  Furthermore, the potential of Raman spectroscopy of the assessment of oocyte 

quality will be presented. 
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7.1 Introduction 

In recent years there has been an exponential growth in the application of ARTs in the field 

of fertility treatment.  New technologies are constantly being developed so as to overcome 

the obstacles faced by both female and male infertility.  However, the lack of quantitative 

methodologies which enable the assessment of the developmental implications of these new 

techniques remains an issue. 

Raman spectroscopy enables the analysis of both fixed and unfixed biological samples and is 

capable of acquiring information regarding the biochemical constituents of a sample without 

labelling.  As such, this technique is capable of providing biochemical information which is 

complementary to that obtained using fluorescence microscopy.  However, Raman is also 

capable of providing information for diagnostic algorithms, as evidenced by previous work 

in cancer identification[181, 182, 189, 190], and more relevantly, pregnancy outcome[102, 

103].  Although not designed to provide information about the presence of specific 

macromolecules, Raman can provide an overview of the presence of functional groups which 

can then be interpreted.  This technique is particularly powerful when used in combination 

with multivariate statistical methods. 

In this work, Raman spectroscopy was used for the first time to investigate the biochemistry 

which underpins the in vitro maturation and superovulation of oocytes, enabling a 

comparison to be made with oocytes collected after unstimulated ovulation.  Although 

instrumental limitations precluded live cell analysis in this study, similar protocols could be 

performed on unfixed samples.  Furthermore, the first report of direct quality assessment 

using Raman spectroscopy is discussed. 

 

 



Chapter 7  The Biochemistry of Maturation & Quality 

   

 

   

 

155 

 

7.2 Materials and Methods 

A total of 13,635 Raman spectra were acquired from 135 oocytes for this study.  These 

spectra were used in two distinct examinations of the biochemistry of oocyte maturation and 

quality.  The first study was concerned with the examination of the extent to which external 

factors affect the biochemistry of maturation mechanisms and the ability of Raman 

spectroscopy to detect these differences.  In this study, a total of 135 oocytes, from three 

treatment groups, were examined.  The treatments investigated were superovulation        

(SO:  n=59, 4 replicates) and in vitro maturation (IVM:  n=38, 4 replicates); the third 

treatment group, unstimulated ovulation (USO:  n=38, 4 replicates), was used as the control 

group.  Subsequently, the superovulation group (n=59, 4 replicates) was used for the second 

study.  This was designed to investigate whether Raman spectroscopy could be used to 

identify oocyte quality based upon direct analysis of oocyte biochemistry.   

7.2.1 Sample Selection and Preparation 

Mice were superovulated by administering PMSG, followed 47 hours later by hCG, with 

superovulated oocytes being collected 18 hours after hCG injection.  The IVM group were 

obtained from pre-antral follicles which had been cultured for 6 days before the final          

24 hours COC maturation period.  The control group consisted of USO oocytes collected 

from mice in oestrous, as judged by vaginal examination.  All oocytes were washed thrice in 

PBS before being fixed for 30 minutes in 4 % paraformaldehyde solution.  After fixing, 

oocytes were washed thrice in PBS and were stored at 4 °C until Raman analysis. 

7.2.2 Raman Spectroscopy Measurements 

Measurements were taken from each oocyte using the reduced map acquisition protocol 

outlined in the Chapter 3.  Briefly, 101 individual spectra were collected at a constant 

interval of 6 m through the central focal plane of the oocyte.  Each spectrum was integrated 
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for 37 s over the spectral range 450 - 1790 cm
-1

 using a laser power of 35 mW.  A spectrum 

of the PBS buffer which surrounded the oocyte was also acquired using the same 

experimental conditions.  Spectra of a polystyrene standard and a neon light source were also 

taken in order to calibrate the wavenumber scale.  Prior to Raman measurement, a white light 

microscopy image was acquired for each oocyte, which was subsequently used for 

morphological assessment. 

7.2.3 Data Preprocessing and Extraction 

The 101 spectra which were collected for each oocyte were treated as a group and subjected 

to a preprocessing routine, which is described in more detail in Chapter 3.  Firstly, the data 

underwent cosmic ray removal and the wavelength scale was calibrated using the neon and 

polystyrene spectra.  Subsequently, the oocyte spectra and PBS spectrum were smoothed 

using a 3-point and 11-point boxcar function, respectively.  To remove the tails which result 

from this type of smoothing, the data was truncated to the region 455 - 1780 cm
-1

.  However, 

prior to this, the data was resampled so that the spectral sampling interval was set at 1 cm
-1

.   

The spectral contribution of the PBS was then subtracted using the first derivative orthogonal 

vector method suggested by Maquelin et al.[230].  Following the correction for PBS 

contributions, the spectra were returned to their integrated form.  The remaining fluorescence 

background was subtracted by fitting a fourth order polynomial through the points at 456, 

478, 632, 800, 1142, 1512 and 1756 cm
-1

.   Next, an average spectrum was generated by 

taking the arithmetic mean of the 101 processed spectra.  The spectra were truncated to the 

region 800 - 1760 cm
-1

 for the data analysis.  Following this, each spectrum was offset 

corrected, such that the minimum intensity was set to zero.  Finally, each spectrum was 

normalised to its mean spectral intensity across all wavenumbers in order to account for 

fluctuations in laser intensity.  All data preprocessing was performed using MATLAB and 

in-house written scripts.  
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7.2.4 Data Analysis and Statistics 

For the first study, the processed average spectra were grouped according to their treatment.  

The mean spectrum, and its standard deviation, was then calculated for each treatment group.  

Using a two-tailed unpaired t-test (=0.05), the IVM and SO groups were both compared to 

the USO control group in order to locate spectral regions which are significantly different.  

Subsequently PCA and CVA were performed on the entire data set, consisting of all mean 

spectra from the three treatment groups. 

For the second study, the processed average spectra were grouped according to their quality, 

as assessed by morphological appearance. Cytoplasmic granularity and the size of the 

perivitelline space were the criteria chosen for oocyte grading.  Table 7.1 details the 

morphological features that define each grade.   

Grade Morphological Appearance 

1 No cytoplasmic granularity and small perivitelline space 

2 Presence of cytoplasm granularity 

3 Large perivitelline space 

4 Presence of cytoplasmic granularity and large perivitelline space 

5 Fragmented oocyte 

 
Table 7.1 – Description of morphological features used to grade oocytes. 

Initially, grades 2 - 5 were combined to create a group classed as poor quality.  Using a   

two-tailed unpaired t-test (= 0.05), the grade 1 oocytes were compared to the poor quality 

oocytes.  PCA and CVA were performed on the entire data set, consisting of all mean spectra 

from the five grades.  Finally, all ratio combinations of the peaks which were judged to be 

significant from the t-test were calculated for each oocyte. 
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7.3 Results 

7.3.1 Maturation Method 

 

Figure 7.1 – Mean Raman spectrum +/- 1 standard deviation for each maturation group. 
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The first study was concerned with the biochemical variation which results from the method 

of selection and maturation of the ovarian follicle and resulting oocyte.  As such, the mean 

and associated standard deviation was calculated for each of the three treatment groups; 

oocytes matured in vitro and those collected after unstimulated and stimulated ovulation.  It 

was observed that, unlike in Chapter 6, there was no significant difference in the total 

integrated spectral intensity between groups.  Consequently, the mean spectra of each of the 

treatment groups can be compared without consideration of artefacts introduced during the 

normalisation procedure.  Figure 7.1 displays the arithmetic mean ± one standard deviation, 

signified by the red region, at each wavenumber for each treatment group; initial 

examination reveals that there is very little spectral variation between the three groups.  

However, upon closer inspection, it can be seen that larger standard deviations exist for the 

in vitro matured and superovulated groups when compared to the unstimulated control 

group, demonstrating a greater inter-oocyte variation within these groups.  

Univariate Comparison of Treatment Group Means 

In order to investigate further this variation and any deviations which exist between the 

sample groups, spectral differences were calculated for the two treatment groups relative to 

the control group.  Furthermore, unpaired two-tailed t-tests were performed to identify 

regions of statistical significance.  Figure 7.2 details the results of the comparison between 

the IVM and unstimulated ovulation groups.  Only subtle differences are apparent in the 

difference spectrum, which is depicted by the black plot, although intensity variations are 

present in the region of the 1002 cm
-1

 phenylalanine band, amide III, amide I and C-H 

deformation.  Upon examination of the results of the t-test, it can be seen that 14 peak 

locations show a statistically significant difference between the two groups.  Many of the 

variations which tested as being statistically significant, as annotated on Figure 7.2, are 

Raman shifts corresponding to vibrations in protein molecules.  However, some are in  
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Figure 7.2 – Mean spectra for IVM and unstimulated ovulated oocytes and the associated difference 

spectrum (unstimulated – IVM) depicted by the red, blue and black plots, respectively.  Raman bands 

which were judged to be significantly different (p=0.005) by an unpaired t-test are annotated.  

regions of overlapping bands, whilst the peak at 955 cm
-1

 results from the phosphodiester 

linkage present in nucleic acids and lipids and the peak at 1744 cm
-1

 represents the C=O ester 

vibration present in lipids. 

Direct comparison of the oocytes collected after super- and unstimulated ovulation shows 

very little variation between the two group means, as illustrated by the difference spectrum 

which is depicted as the black plot in Figure 7.3.  This observation is confirmed when the 

results of the t-test are examined.  Only 5 peak locations are judged to be significantly 

different, as opposed to 14 in the comparison between the IVM and unstimulated oocyte 

groups.  Differences associated with aromatic acid residues and the C-H deformation in 

proteins are seen at 1040, 1173 and 1339 cm
-1

, whilst variations arising from the C-H 

rocking and C=O ester linkage in lipids are seen at 891 and 1744 cm
-1

.  
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Figure 7.3 – Mean spectra for super- and unstimulated ovulated oocytes and the associated difference 

spectrum (unstimulated – superovulated) depicted by the red, blue and black plots, respectively.  

Bands which were judged to be significantly different (p=0.005) by an unpaired t-test are annotated. 

Multivariate Analysis of Treatment Groups 

Whilst univariate statistical analysis, such as that presented in the previous section, is useful 

for gaining an insight into the relationship between treatment groups, it does not provide a 

true representation of data such as that collected by Raman spectroscopy.  As with most 

statistical methods, the t-test used in the previous section has constraints which must be met 

in order to benefit from the true power of the test.  One of these constraints is that the 

independent variables measured should be mutually exclusive.  This does not hold for any 

type of spectrum, as all intensities are a function of their neighbouring intensities.  However, 

so that this test could be used for this work, an additional constraint was imposed such that 

only local maxima were included in the test.  Conversely, multivariate analysis enables the 

spectral data to be assessed in an unbiased simultaneous fashion.  
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Figure 7.4 – Variance explained by each new variable generated during the principal component 

analysis of the 135 average spectra collected for the three maturation categories.  

Firstly, PCA was performed on a data matrix which contained the 135 average Raman 

spectra that had been collected from the three treatment groups (nIVM=38, nNSO=38, nSO=59).  

The scree plot (Figure 7.4) depicts the variance in the original data space which is described 

by each of the newly generated PCs; over 95 % of the variance that existed in the 961 

original variables is described by the first 22 PCs.  However, the plot begins to plateau after 

the fourteenth PC, which indicates that the PCs beyond this contribute little more to the 

description of the original variance.  Indeed, after the fourteenth PC, each PC describes less 

variance than was contained within a single original variable. 

The scatter plot shown in Figure 7.5 depicts the scores of the first and fourth PC for each 

oocyte sampled from the IVM, USO and SO groups.  The scatter plot shows a distinction 

between the IVM and unstimulated group along the first PC.  Furthermore, a marked 

separation exist between the IVM group and the other groups along the forth PC.  Although a  
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Figure 7.5 – Biplot showing the scores of each datum against the first and fourth component axes 

generated during the principal component analysis.  The IVM, unstimulated and superovulated 

oocytes are depicted by the blue, green and red markers, respectively.  The mean score for the IVM, 

unstimulated and superovulated groups are denoted by 1,2 and 3, respectively. 

spread of scores along the other significant PCs is observed, there exists no distinction 

between the groups in these dimensions.  The group means for the unstimulated and 

superovulated groups are very close to one another, whilst the IVM group mean appears 

distinct. Furthermore, the variance of the scores for the superovulated group is greater than 

that of the unstimulated or IVM groups, as demonstrated by the tight clustering of the latter 

groups.  Although the means of the unstimulated and superovulated groups are close and 

distinct from the IVM group, Figure 7.5 shows that the scores of the superovulated group 

overlap with both the unstimulated and IVM groups.  It should be noted that upon 

examination no within group clusters were observed for the different experimental replicates. 
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Figure 7.6 – PC loadings for the first four components calculated during PCA. 

So as to understand the biochemical variation that separates the three treatment groups, the 

PCs must be examined.  As the first four PCs described the majority of the non-noise 

variation which existed between the samples, the plots of these PCs against the original data 
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space axis are presented in Figure 7.6.  The loadings for the first and fourth PC show that 

positive scores are associated with greater contributions from lipid molecular vibrations 

located in the region of 990, 1301, 1441 and 1710 - 1745 cm
-1

, whilst larger peaks in the 

region of 1263 and 1658 cm
-1

 are also associated with positive scores.  However, it is 

difficult to attribute these peaks to a molecule group due to the overlapping of lipid and 

protein contributions in both of these regions.   

As PC1 and PC4 only describe around 40 % of the total variance in the original data, it is 

sensible to investigate the separation of the treatment groups using the data in the first 14 

PCs combined.  As such, CVA was performed using the scores from the first fourteen PCs. 

 

Figure 7.7 - Biplot showing the scores of each datum against the first and second component axes 

generated during the canonical variate analysis.  The IVM, unstimulated and superovulated oocytes 

are depicted by the blue, green and red markers, respectively.  The mean score for the IVM, 

unstimulated and superovulated groups are denoted by 1,2 and 3, respectively. 
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The results of the CVA revealed that the three treatment groups could be separated in two 

dimensions, as illustrated in Figure 7.7. Separation of the IVM group from the in vivo 

ovulated groups is observed along the axis of the first CV, whilst separation of the USO 

control oocytes from the SO and IVM oocytes is observed along the axis of the second CV.  

Examination of the CV loadings revealed that first PC contributes most significantly to the 

separation of the three groups along both the first and second CV axes. 

These results confirm those obtained from the PCA analysis which revealed that the IVM 

group mean is distinct from those of the in vivo matured groups.  However, the CVA also 

revealed that there exists a difference in the spectral profile of oocytes collected after 

stimulated and unstimulated ovulation cycles.  It is also worth noting that the variation in the 

CV scores for the superovulated group is larger than both the IVM and unstimulated groups 

suggesting greater intra-group variation, which is consistent with the results presented in 

Figure 7.5. 

7.3.2 Quality Assessment 

Upon examination of the three methods of follicle recruitment and oocyte maturation, it was 

observed that a greater inter-oocyte spectral variance existed in the superovulated group.  

Furthermore, the morphological appearance of oocytes from this group was also more varied 

than the other treatment groups, with a number of oocytes appearing to have significant 

morphological defects.  As such, an attempt was made to reconcile the presence of spectral 

variation within this group with oocyte morphological presentation.  The superovulated 

oocytes (n = 59) were graded, blind, based upon their morphological appearance.  Due to the 

small sample size, the oocytes were grouped as being of good or poor quality, as judged by 

the morphology, for some of the subsequent analysis.  The poor group contained all oocytes 

belonging to grades 2 - 5 (n = 35), whilst grade one oocytes were assigned as being of good 

quality (n = 24).  
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Univariate Analysis of Oocyte Grades 

Figure 7.8 – Mean spectra for poor quality and grade 1 superovulated oocytes and the associated 

difference spectrum (grade 1 – poor) depicted by the red, blue and black plots, respectively.  Raman 

bands which were judged to be significantly different (p=0.01) by an unpaired t-test are annotated. 

A simple univariate analysis was performed to determine if spectral variations exist between 

the good and poor quality groups.  A difference spectrum, depicted by the black plot in 

Figure 7.8, was calculated and a two-tailed unpaired t-test was performed at each 

wavenumber for the two groups to identify spectral locations where significant (p = 0.01) 

difference occur.  Figure 7.8 details the results with significant peaks annotated. 

Some subtle, yet marked, differences are observed in the difference spectrum, particularly in 

the region of the amide I and CH twist vibrations.  Upon examination of the results of the    

t-test, it can be seen that 12 peak locations show a statistically significant difference between 

the two groups.  In particular, greater intensities were observed in the grade 1 oocytes at 

1339, 1401, 1585, 1605, 1621 and 1658 cm
-1

, which with the exception of 1401 cm
-1

 

correspond to protein vibrations.  The peak at 1401 cm
-1

 arises due to the presence of the 
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symmetric carboxylate stretch in fatty acids.  Conversely, a reduction in intensity of the 

peaks occurring at 851, 888, 905, 972, 1063 and 1447 cm
-1

 were observed in grade 1 oocytes 

when compared to those of poor quality.   Some of the lower peaks are difficult to assign due 

to overlapping bands in this region, but possible sources could be fatty acids, saccharides or 

amino acid residues, whilst the 1063 cm
-1

 peak is associated with the C-C chain stretch in 

lipids.  The increase in the 1447 cm
-1

 band, which occurs as a result of C-H deformation, is 

attributed to lipids due to the presence of the shoulder below it and the lack of a discernable 

shoulder at 1460 cm
-1

 which occurs in proteins. 

The ultimate aim of the spectroscopic analysis of oocytes would be to generate an algorithm 

based upon selected spectral intensities that could be used to classify oocytes based upon 

quality.  However, due to the small sample size, generating and testing an algorithm with   

12 variables proved unsuccessful.  As an alternative, the use of intensity ratios is often used 

for classification purposes.  Therefore, all ratio combinations of the 12 significant peak 

locations were calculated for each oocyte.  One ratio in particular, 1605:1447, demonstrated 

good separation between the oocyte grades.  Figure 7.9 presents the results of this ratio for 

each of the five grades.   

Analysis of the ROC curve for these data indicated that with the ratio cut-off set at 0.3752 

the oocytes could be separated with a high degree of certainty, as outlined in Table 7.2. 

 

 

 

Table 7.2 – Sensitivities and specificities calculated using a ratio cut-off of 0.3752 for superovulated 

grade1 vs. grade2 and good vs. poor oocytes. 

 

Comparison Sensitivity Specificity 

Grade 1 vs. Grade 2 87.5 83.3 

Grade 1 vs. Poor 87.5 88.6 
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 Figure 7.9 – Scatter plot depicting the ratios of intensity at 1605 and 1447 for each mean spectra 

from the superovulated oocyte group.  The blue, green, red, yellow and magenta markers denote the 

grade of oocyte from one through to five, as judged by morphological appearance.  The dashed line 

indicates the cut-off (0.3752) which was determined by analysis of the ROC curve. 

Only three grade 1 oocytes were misclassified when a cut-off of 0.3752 was used, equating 

to a sensitivity of 87.5 %.  All oocytes originating from grades 3 were correctly classified at 

this level, whilst only one grade 4 and one fragmented oocyte were misclassified.  The 

specificity of the comparison between grade 1 and grade 2 was slightly lower than that 

comparing grade 1 and poor quality oocytes.  This result is not unusual, since that oocytes 

belonging to grades 3 - 5 are more severely compromised than those belonging to grade 2. 

So as to investigate whether there exists any similarities in the spectral profile of the graded 

superovulated oocytes and the other treatment groups, the ratio of the 1605 to 1447 cm
-1
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intensities were calculated for the USO, IVM and grade 1 and poor quality superovulated 

oocytes.  The results are presented in a boxplot in Figure 7.10.  It can be seen that the median 

of the ungraded oocytes, which were collected after unstimulated ovulation, sits above the 

cut-off which was determined from the ROC curve.  This result indicates that the spectral 

profile of the USO group is more closely related to the grade 1 profile.  Conversely, the IVM 

group sits entirely below the cut-off, indicating that the profile in more similar to that of the 

poor quality SO oocytes. 

 

Figure 7.10 - Boxplot depicting the ratio of intensities at 1605 and 1447 for the grade 1, poor quality, 

unstimulated ovulation and in vitro matured groups.  For each group, the red line indicates the 

median and the box displays the line of the first and third quartiles.  The black whiskers extend 1.5 

times the inter-quartile range in both directions.  Data outwith this range is considered to be an 

outlier and is annotated with a red cross.  The dashed line indicates the cut-off (0.3752) which was 

determined by analysis of the ROC curve. 
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Multivariate Analysis of Oocyte Grades 

 

Figure 7.11 – Variance explained by each new variable generated during the principal component 

analysis of the 59 average spectra collected for superovulated oocytes. 

So as to reduce the dimensionality and investigate any apparent clustering of the quality data, 

PCA was performed.  From this the scree plot (Figure 7.11), it can be seen that the first PC 

accounts for approximately 35 % of the total spectral variance, whilst the first 16 PCs 

describe approximately 97 % of the variance.  A plateau occurs in the scree plot around the 

twelfth PC, indicating that the first twelve PCs, which account for approximately 95 % of the 

total variance, can adequately describe the data.   

A scatter plot of the scores of the first and second PC for each superovulated oocyte is shown 

in Figure 7.12.  There exists an approximate separation of the good and poor quality oocytes 

along the first PC.  Furthermore, upon examination of the means of the two groups there is a 

small separation along the axis of the second PC.  However, Figure 7.12 also illustrates the 

large variation which exists between the samples.  Due to the small sample size, it is possible 
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Figure 7.12 – Biplot showing the scores of each datum against the first and second component axes 

generated during PCA.  The oocyte are grouped as either good quality (blue) or poor quality (red).  

The mean score of the high quality and poor groups are denoted by the numbers 1 and 2, respectively. 

that this variation represents outliers, as opposed to the true separation of the data, although 

the spread of the poor quality oocytes may be intrinsic to the samples rather than an artefact 

of the sample size. 

The PC loadings for the first three PCs are presented in Figure 7.13.  The first PC, which 

represents approximately 35 % of the overall variation, shows some contributions from 

background fluorescence.  However, there are also negative loadings associated with 

proteins at 1002, 1228, 1340, 1605 and 1622 cm
-1

 and positive loadings associated with 

lipids at 1065, 1440, 1466, 1716 and 1744 cm
-1

.  These loadings indicate that the separation 

which is present in Figure 7.12 occurs as a result of variation in the proportions of proteins 
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and lipids in the oocytes.  The second PC loadings are predominately positive and are very 

similar in appearance to the spectrum of an oocyte, indicating that this PC describes general 

intensity variations which exist between samples.  In contrast, the third PC shows positive 

and negative loadings resulting from biochemical variation;  positive loadings at 1002, 1032, 

1238, 1334 and 1674 cm
-1

 are associated with proteins and negative loadings at 1065, 1263, 

1299 and 1436 cm
-1

 arise from lipid molecular vibrations.  A negative loading also exists 

around 1654 cm
-1

, which may results from the amide I vibration or C=O lipid stretch.   

 

Figure 7.13 – PC loadings for the first three components calculated during PCA. 
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CVA was performed on the scores of the first twelve PCs so as to further investigate the 

relationship between these loadings and oocyte quality.  Examination of the CV loadings 

demonstrates that both the scores of the first and second PCs contribute most to the 

separation of the two oocyte grades.  A scatter plot of the first CV score as a function of 

oocyte quality (Figure 7.14) demonstrates that positive CV scores are associated with good 

quality oocytes whilst negative scores are indicative of poor quality oocytes. 

 

Figure 7.14 – Scatter plot showing the scores of the first canonical variate derived from the mean 

spectrum of each oocyte for the superovulated group.  The blue and red markers denote the grade of 

oocyte as good or poor respectively.  The dashed line at 0.5133 depicts the optimum cut-off as judged 

by analysis of the ROC curve. 
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Table 7.3 – Sensitivities and specificities calculated using a ratio cut-off of 0.5133 for superovulated 

grade1 vs. grade2 and good vs. poor oocytes. 

Analysis of the ROC curve for these data indicated that with the ratio cut-off set at 0.5133 

the oocytes could be separated with a high degree of certainty, as outlined in Table 7.3.  

Using 0.5133 as the cut-off resulted in only three grade 1 oocytes being misclassified, 

equating to a sensitivity of 87.5 %, whilst 2 poor quality oocytes were wrongly classified, 

equating to a specificity of 94.3 %.  This result is similar to that obtained using the single 

intensity ratio outlined in the previous section. 

7.4 Discussion 

In the first instance, this work had been designed to investigate the effect of external stimuli 

and environmental factors on the maturation of oocytes.  The use of oocytes collected from 

females in oestrous provided a control against which other treatments could be compared, as 

no intervention had been used in their selection.  Conversely, the analysis of superovulated 

oocytes obtained from mice which had been stimulated using exogenous hormones enabled 

observations regarding follicle recruitment and external stimuli to be investigated.  Finally, 

the use of in vitro maturated oocytes provided an opportunity to determine the reliability of 

culture methods for oocyte growth, maturation and competence.  Upon initial morphological 

examination, the oocytes originating from the IVM and oestrous groups showed consistently 

good quality oocytes, with few classical abnormalities.  In contrast, the oocytes collected 

after superovulation showed greater variation in morphological characteristics.  Oocytes 

from this group were not graded prior to analysis, in order to ensure that a representative 

sample of the pathologies that make up this group were analysed. 

 Sensitivity Specificity 

Grade 1 vs. Poor 87.5 94.3 
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As this work is a precursor to the development of a technique which could be used for the 

analysis of live oocytes with subsequent monitoring of development, integration times and 

laser exposure were of particular importance.  Whilst high resolution spectral maps, such as 

those which are described in Chapter 5, are useful for investigating biochemical variation for 

further understanding the samples, they are of limited value for diagnostics due to the long 

acquisition times required.  The use of reduced mapping methodology in this work enabled 

sampling of the entire oocyte in a much reduced time of approximately 1 hour as opposed to 

the 18 hours required for full map integration.  It is recognised that this integration time is 

still too lengthy for real-time diagnostics of oocytes.  However, some simple instrumental 

modifications would enable this to be significantly reduced.  For example, the use of a larger 

CCD array which allows the collection of the entire spectral range in a single integration 

would reduce the acquisition time to approximately 17 minutes.  Furthermore, the use of an 

expanded laser beam, as described in other works[178, 179, 265], could reduce the number 

of spectra required to characterise the oocyte, enabling rapid live cell analysis. 

Although IVM has attracted much attention, the variation in protocols has led to different 

opinions of its efficacy.  The process of follicular growth and oocyte maturation in vivo is a 

highly orchestrated process which is regulated by a number of environmental factors.  

Consequently, the replication of this process in vitro has proved difficult.  Significant 

attention has been given to the optimisation of the in vitro growth of pre-antral 

follicles/ovarian tissue and subsequent maturation of oocytes in the mouse model.  Despite 

this, whilst results suggest that IVM can support normal nuclear maturation, it fails to 

produce oocytes with cytoplasmic competency resulting in poorer fertilisation efficiencies.  

It has been postulated that the reduced developmental competence following IVM may result 

from one or more of three mechanisms:  The culture environment does not support 

cytoplasmic maturation; the protocol induces an asynchrony between nuclear and 
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cytoplasmic maturation; or the oocytes possess an intrinsically reduced developmental 

potential[266].  

Comparison of the mean spectra from the IVM and the oestrous groups show a number of 

subtle yet significant differences, many of which are specific to protein molecular vibrations.  

This result was further confirmed by the PCA-CVA analysis, whereby IVM oocytes were 

found to have lower spectral contributions arising from protein vibrations than either 

unstimulated or superovulated oocytes.  These data are consistent with the findings of 

several authors who have reported lower protein expression in IVM murine[267], 

bovine[268] and human[269] oocytes, when compared to their in vivo matured counterparts.  

In certain instances, some proteins were found to be absent in the IVM oocytes, whilst Kim 

et al. identified significantly reduced -actin and insulin-like growth factor II 

expression[267].   

The process of releasing the COC from its follicle is known to stimulate spontaneous 

resumption of meiosis, whilst the use of EGF in the maturation media aids this process.  It 

has been suggested that the lower protein content of IVM oocytes results from the early 

resumption of meiosis, which is associated with the termination of the cumulus-oocyte gap 

junctions [270] and is known to be associated with a decrease in the absolute rate of protein 

synthesis[271].  During the third replicate of the culture process, several of the follicles 

ruptured, despite the addition of ascorbic acid which is known to significantly increase the 

maintenance of basal lamina integrity[272].  In these instances it would be expected that 

resumption of meiosis would occur spontaneously, and at an earlier time than the oocytes 

derived from intact follicles.  Consequently, it would be fair to assume that these oocytes 

would show lower protein content than their counterparts.  This, however, was not observed, 

suggesting that either meiosis did not resume early for these samples or that the early 

resumption of meiosis did not adversely affect the acquisition of ooplasmic proteins.   
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The source of the oocytes in the IVM group must also be considered.  Unlike the 

unstimulated in vivo group, in which follicles are recruited in large numbers and only a small 

cohort are ultimately chosen for ovulation, the IVM oocytes originate from pre-antral 

follicles which were selected on the basis of their size and morphology.  It has been 

postulated that the process of follicular atresia is a method by which sub-optimal follicles 

and oocytes are disposed, with the pre-antral to antral transition accounting for the greatest 

loss.   Consequently, the method of selection of pre-antral follicles for culture may not 

preclude follicles and/or oocytes which contain intrinsic abnormalities.  However, unlike 

many protocols in other species, the mice were not primed using hormones prior to follicle 

collection.  As such, the follicle cohort should have represented a more uniform distribution, 

intimating that the origin source does not adversely affect the outcome.  Similarly, the lack 

of a discernable overlap between the unstimulated and IVM groups and the relatively small 

within group variation seen for the IVM oocytes, as judged by the results of PCA-CVA, 

would suggest that the follicular origin plays an insignificant role in the separation of these 

groups. 

Other extrinsic properties could account for the difference between the groups.  It has 

previously been reported that the size of in vitro grown oocytes is less than in vivo 

controls[267, 273].   Although no precise measurements were taken in the work presented 

here, such variation could result in concentration, and thus spectral, discrepancies between 

the two groups.  However, it would follow that the smaller IVM oocytes would have greater 

spectral intensities representative of higher substrate concentrations, which was not 

observed.  Additionally, the effect of genetic strain must be considered; the IVM oocytes 

were derived from F1 (C57/Bl6J x CBA) hybrid females whilst the unstimulated and 

superovulated oocytes were derived from C57/Bl6J inbred females.  Previous investigations 

have reported strain specific variations in oocyte maturation, specifically related to nuclear 

maturation, microtubule organisation[274] and response to hormone stimulation[275].  It 
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was found that in vivo matured hybrid oocytes had more microtubule organising centres 

(MTOCs) than inbred oocytes, although fewer MTOCs were observed in IVM oocytes when 

compared to their in vivo matured counterparts[274].  Furthermore, under certain culture 

conditions the number of MTOCs was found to be strain independent yet still lower than in 

vivo matured oocytes.  These findings indicate that it is unlikely that the variation between 

the in vitro and in vivo matured oocytes arises as a result of strain specific phenotypes.  

However, further work incorporating hybrid unstimulated and superovulated oocytes would 

be beneficial. 

The results and observations presented in this work suggest that some mechanism is 

responsible for reduced accumulation of macromolecules, and in particular proteins, during 

the in vitro follicular growth phase and oocyte maturation.  This is concomitant with the 

observation of cytoplasmic immaturity and reduced developmental competence reported by 

several researchers.  Whilst the origins of this variation are difficult to isolate, several 

experimental factors have been excluded.  However, it is still unclear whether sub-optimal 

culture conditions are responsible for reduced cytoplasmic maturation and formation of gap 

junctions or if it is the result of early onset of meiosis resumption.  The data presented 

indicates that the spectral profile of the cytoplasm of oocytes could be used to investigate the 

biochemistry underpinning IVM in more detail. 

Ordinarily in vivo, follicles are continuously recruited from the primordial pool, via a 

gonadotrophin independent process, to enter into the growth phase which for most follicles 

will extend to the late pre-antral or early antral phase of follicular growth.  The follicles’ fate 

at this point is decided by the concentration of circulating FSH; if it is below a certain 

threshold the follicles will undergo atresia, whilst if it is high enough growth will proceed for 

a small cohort of the available follicles.  This is the first point at which follicles are thought 

to be actively selected, although the mechanism by which this is achieved is still unclear.  
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Similarly, it is also the stage at which the majority of follicles will undergo atresia.  Of the 

selected follicles only a species-specific number will reach the pre-ovulatory stage with the 

remaining subordinate follicles ultimately reverting to atresia.  This selection stage is 

determined by the establishment of dominant follicles, a process which is regulated by 

indirect endocrine and direct follicle-follicle interactions[276].  Experiments involving the 

co-culture of follicles have shown that when in contact, one follicle will establish itself as 

dominant although this is not an irreversible process[277].  This suggests in vivo, that only a 

small number of follicles in a cluster will become dominant. 

Conversely, during superovulation high levels of exogenous hormones are administered in 

order to recruit a higher than normal number of follicles to progress to the second selection 

stage.  As discussed previously, the mechanism of the first selection process is unclear.  

Specifically, it is unknown if this is a method of removing intrinsically abnormal or poor 

quality follicles/oocytes.  Furthermore, the high levels of circulating gonadotrophin have 

been reported to have a detrimental effect on follicles which are highly vascularised in the 

later stages of maturation[266, 278].  Consequently, the effect of ovarian hyper-stimulation 

on the oocyte, when compared to natural ovulation, was investigated by the spectral analysis 

of superovulated oocytes. 

Comparison of the mean spectra of the superovulated and unstimulated groups indicates that 

they are more similar to one another than the IVM group mean.  However, several significant 

deviations were noted from the t-test namely at 891, 1040, 1173, 1339 and 1744 cm
-1

, 

corresponding to slight variations in protein, lipid and possibly carbohydrate molecular 

vibrations.   Further analysis using PCA reveals that the mean of the superovulated and 

unstimulated groups are indeed very similar, as depicted by Figure 7.5.  However, the results 

of the CVA indicated that there does exist spectral variation between these groups, although 

it is less marked than the difference observed between the USO and IVM groups.  
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Furthermore, the results presented in Figure 7.10 suggest that much of the variance which is 

observed between the USO and SO groups could be accounted for the greater incidence of 

poor quality oocytes in the latter group.  The similarity of the superovulated and control 

oocytes, when compared to the IVM oocytes (Figure 7.5), indicates that the in vivo 

environment plays a significant role in the maintenance of oocyte maturation, specifically 

cytoplasmic maturation.  The closeness of the means should, perhaps, not be unforeseen as 

many of the superovulated oocytes could have been expected to be ovulated under an 

unstimulated protocol. 

Upon closer inspection of the results it is apparent that more significant variation exists 

within the superovulated group than either the IVM or unstimulated groups, as evidenced by 

Figure 7.1 and 7.5.  This is of greater significance given that the superovulated group 

contains 1.5 times the number of samples of the other groups (n = 59 vs. n = 38), which 

should reduce the impact of outliers.  However, given the significant range of morphology in 

this category, a large within-group spectral variation is not unusual.  Figure 7.5 which shows 

the scores of the first and fourth PC for each oocyte demonstrates that an overlap exists 

between the IVM and superovulated oocytes along the first PC.  The wavenumber loadings 

indicate that this PC predominately describes variation in protein vibrations.  The overlap 

region occurs in the low negative score range intimating that some of the superovulated 

oocytes have lower protein content than the unstimulated controls, as is seen with IVM 

oocytes.  It is proposed that this may arise due to the asynchrony of folliculogenesis and 

oogenesis which results in the resumption of meiosis prior to complete cytoplasmic 

maturation.  Additionally, there are oocytes which have greater positive scores along the first 

PC axis, indicating oocytes with greater protein content than the control group.  It is 

postulated that these may represent post-mature oocytes which are characterised by a number 

of factors including a large perivitelline space[279].  As the superovulation protocol recruits 

greater numbers, it is likely that the follicles vary slightly in their developmental stage.  
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Similarly, the extent of vascularisation and the local environment of each follicle will be 

likely to differ, meaning that the stimuli for maturation will vary between follicles.  These 

factors combined, could describe the presence of post-mature oocytes in the superovulated 

cohort.  This supposition could be investigated further with the inclusion of in vivo aged 

oocytes. 

The large variation in the number and morphology of the oocytes collected after 

superovulation, as seen in this work, is well documented and has been reported to be strain 

dependent in mice[275, 280, 281].  It is difficult to elucidate whether this variation in 

morphology is the result of the recruitment of sub-optimal follicles/oocytes for ovulation, the 

gonadotrophin stimulation itself or indeed a combination of these factors.  However, further 

work was performed to investigate whether the variation in oocyte quality could be predicted 

by Raman spectroscopy.  The comparison of the mean spectra for grade 1 and poor quality 

oocytes displayed numerous regions of significant difference.  Specifically, grade 1 oocytes 

displayed increased intensities associated with protein vibrations and lower intensities 

resulting from lipids and saccharides, when compared to oocytes judged as being of poor 

quality.   

The examination of various ratios of the significantly different peaks yielded a ratio which 

provided a good separation of the oocyte qualities:  The ratio of the peak arising due to 

phenylalanine at 1605 cm
-1

 and the peak at 1447 cm
-1

 which was assigned to C-H 

deformation of lipids.  It was found that the higher this ratio, which represented the 

proportion of protein to lipids in the oocyte, the better the quality.  Analysis of ROC curves 

provided a cut-off of 0.3752 which corresponded to a sensitivity of 87.5 % and specificity of 

88.6 %.  These findings concur with previous results which indicate that good quality 

oocytes have high protein content.  This result also indicates that poor quality oocytes have a 

higher lipid content which would result in a lower protein to lipid ratio.  As most of the poor 
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quality oocytes had cytoplasmic granularity to some extent, it is suggested that this is the 

source of the increased lipid content, which has been confirmed by other researchers[248].  

Similar results were obtained using PCA-CVA analysis, whereby the quality of oocytes was 

separated successfully on the basis of their protein and lipid contents. 

These results suggest that it is possible to discern oocyte quality by analysing the ratio of its 

ooplasm protein to lipid ratio.  Prior to drawing further conclusions, the sample size should 

be increased so as to ensure that the effect of outliers is minimised.  However, should the 

results of future work be found to be consistent, Raman imaging could be employed to 

enable rapid quality testing of unfixed oocytes. 

7.5 Conclusions 

The work presented here demonstrates that unstimulated and superovulated oocytes have 

ooplasm with similar biochemical composition, whilst IVM oocytes have lower protein 

content which is consistent with incomplete cytoplasmic maturation.  Furthermore, the 

quality of superovulated oocytes can be distinguished by the ratio of protein to lipid in their 

ooplasm.  These results suggest that Raman spectroscopy is a powerful technique for the 

analysis of oocyte maturation, ovulation mechanism and quality.
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8.1 Discussion 

As discussed in Chapter 1, throughout its development, the oocyte undergoes extensive 

modification to prepare it for successful fertilisation and embryonic development.  It is well 

recognised that oocyte development and maturation are highly intricate processes which are 

temporally regulated, in part, by the oocyte’s surrounding environment.  Consequently, in 

order to fully appreciate the implications of manipulating these processes, as is done during 

ARTs, it is necessary to further the understanding of the underlying biochemistry of oocyte 

development and maturation. 

Currently, there are numerous techniques which are used routinely for the investigation of 

oocyte biology in a research setting.  However, few are suitable for application in a clinical 

setting due to the destructive nature of the sample preparation and lengthy protocols, as with 

histology and electrophoresis.  Therefore, as discussed in Chapter 1, there has been a 

significant research effort to develop a quantitative technique for the assessment of oocyte 

maturation and quality.  This has lead to methods such as birefringence spindle imaging and 

metabolomic assessment of culture media, both of which have shown significant promise.  

However, as yet, there has been no advancement in the development of a technique for the 

direct assessment of ooplasm maturity and quality. 

The technique of Raman spectroscopy, as introduced in Chapter 2, is now widely applied to 

the study of biological samples.  Furthermore, it has been shown to be effective in the 

discrimination of a number of pathologies in both cellular and tissue systems.  In contrast to 

many other available techniques, it is capable of probing multiple biochemical constituents 

simultaneously, thus revealing a “biochemical fingerprint” for any given sample.  As such, it 

was hypothesised that Raman spectroscopy could prove to be a powerful technique in the 

field of oocyte biology.  Consequently, the principal aim of this thesis was to determine the 

potential of Raman spectroscopy when applied to the field of oocyte biology.  In an effort to 
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identify this potential, this thesis addressed three main areas of investigation: I. intra-oocyte 

biochemical variation; II. the biochemistry of oocyte maturation; and finally, III. the 

effect of environment on the mature oocyte in vivo and in vitro. 

Initially, to investigate the presence of intra-ooplasm biochemical variation, oocytes from 

various stages of development and early-stage embryos were analysed using high resolution 

Raman mapping, in combination with univariate and multivariate analysis.  This work, 

described in Chapter 5, revealed temporal changes in the distribution of biochemical 

constituents, and in particular lipids and proteins, during oocyte maturation and early 

embryonic development.  

OLS fitting of the mean spectra obtained from the k-means cluster analysis, for each sample, 

provided greater insight into the changes in the relative composition of the cytoplasm at 

these key developmental milestones.  The observed changes in protein, lipid and RNA 

concentrations were consistent with those previously reported.  Although the spectral fitting 

described in this work returned small residuals, it is suggested that the OLS fitting could be 

further improved by isolating some of the reference compounds from oocytes. 

The results presented in Chapter 5 not only confirmed many of the previously reported 

modifications associated with oocyte maturation and early embryonic development, but also 

demonstrated the power of Raman spectroscopic mapping for the study of spatial 

distributions of biochemical constituents within this unique cell.  However, in order for 

Raman spectroscopy to be routinely applied in this field, the issues associated with sampling 

time must be addressed:  It is recognised that even in a research setting the 18 hour 

integration time reported in this work is too lengthy.  In particular, if this technique is to be 

applied to unfixed cells the sampling time would need to be reduced by around 200 fold.   
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As was discussed in Chapter 5, some simple instrument modifications would enable to 

sampling time to be significantly reduced; increasing the CCD array size would reduce 

integration times to less than 5 hours and implementing line-mapping, as opposed to point 

mapping, could further reduce sampling times to the order of minutes.  Alternatively, Raman 

imaging could be implemented to provide a biochemical map at a specific Raman band, such 

as the phenylalanine stretch.  Although this method only enables the investigation of a 

specific Raman band at any one time, an image at that band could be acquired in several 

minutes.  As such, with an optimised instrumental set-up, Raman mapping or imaging could 

be used to great effect in the visualisation of unfixed oocytes and early stage embryos.  Most 

significantly, using these techniques would enable temporal analysis without fixation, 

permeabilisation or labelling. 

An interesting feature which was identified in the Raman maps of the mature oocyte was the 

apparent asymmetric distribution of the proteins and lipids about the animal-vegetal axis.  

The underlying mechanism regulating this asymmetry is unclear, but it is postulated that it 

may be a manifestation of cytoplasm polarisation.  As yet, the presence of this phenomenon 

in mammalian oocytes is still under debate.  Consequently, performing sequential Raman 

analysis of zygotes during the early cleavage stages may reveal any association between the 

asymmetrical organisation of the cytoplasm and the resulting cleavage planes.  

So as to investigate the biochemical modifications which are associated with oocyte 

cytoplasmic maturation, and identify the ability of Raman spectroscopy in monitoring these 

changes, in Chapter 6 the spectral signatures of GV and IVM oocytes were compared.  Due 

to the prohibitively long acquisition times of the sampling protocol reported in Chapter 5, a 

faster mapping protocol which comprised of sub-sampling the ooplasm at 6 m intervals was 

adopted in this work.   
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It was found that the Raman signatures of oocytes derived from pre-antral and in vitro 

cultured follicles revealed significant variation.  In particular, a marked increase in lipid 

contributions was observed in the mature oocytes.  It is postulated that the lipid increase is a 

result of the accumulation of lipid droplets, which are thought to form part of the 

“mammalian yolk”, and mitochondria.  These findings are consistent with the modifications 

which are known to take place during cytoplasmic maturation and with the results presented 

in Chapter 5.   

A logistic regression algorithm, which was built using the ratios of Raman bands that were 

significantly different between the immature and mature oocyte groups, was found to 

successfully discriminate between immature oocytes and oocytes matured under different 

conditions.  In building the algorithm, problems were encountered with complete separation 

whereby there exists no unique solution to the maximum-likelihood problem.  This is a 

problem which is commonly reported for small to medium-sized data sets, and in this work, 

was overcome by reducing the number of input variables in the algorithm.  As such, in future 

work, if the sample size were increased it is likely that additional input variables would be 

required to adequately discriminate between the treatment groups. 

Both ovarian stimulation and in vitro maturation of oocytes are routinely used in clinical 

ART protocols.  Yet, the effect of superovulation on oocyte quality is little understood and it 

has long been recognised that oocytes undergo incomplete cytoplasmic maturation in vitro.  

As such, in Chapter 7 the spectral signatures of oocytes derived from unstimulated and 

stimulated cycles and those which had been matured in vitro were compared, in an effort to 

understand the biochemistry which underpins the effect of environmental stimuli on oocyte 

maturation.  It was found that although biochemically similar, in vitro matured oocytes 

demonstrated reduced protein content when compared to their in vivo matured counterparts.  

This finding was consistent with the early termination of gap-junctions which is routinely 
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reported for IVM oocytes in the literature.  As such, it is suggested that culture protocols 

could be optimised by comparing the spectral signatures of oocytes collected after 

unstimulated ovulation cycles and IVM. 

Unsurprisingly, greater spectral variation was observed in the superovulated group, which 

was consistent with the greater variation in morphological quality which is reported for 

oocytes collected from stimulated cycles.  As such, an effort was made to reconcile the 

spectral signature with morphological quality for the superovulated group.  It was found that 

the ratio of protein-to-lipid was indicative of quality; oocytes displaying a lower protein-to-

lipid content were found to be of lower morphological quality.  Furthermore, upon 

comparison, it was found that oocytes collected from unstimulated cycles displayed protein-

to-lipid ratios which more closely resembled good quality superovulated oocytes.  

Conversely, IVM oocytes displayed protein-to-lipid ratios closer to those of poor quality 

superovulated oocytes.  However, unlike the poor quality superovulated oocytes which 

displayed higher lipid content, the IVM oocytes displayed lower protein content. 

It is noteworthy that in much of the previous work which has reported the application of 

Raman spectroscopy, used in combination with PCA, that only a few PCs are required to 

describe the variance which exists in the original data.  In contrast, in the work which is 

reported in Chapter 7, upwards of 20 PCs were required to describe around 95 % of the 

variance that existed between the oocytes collected using different maturation protocols.  

This result is not unexpected as the most commonly reported application of Raman-PCA is 

in the field of cancer diagnostics.  In such cases, significant biochemical variation, in specific 

wavenumber regions, is seen between the normal and malignant samples and thus, few PCs 

are required to describe the variance.  Conversely, in cases, such as those reported in Chapter 

7, where the biochemical variation is less marked and contained within more wavenumbers, 

more PCs are required to adequately characterise the variance which exists between samples. 
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Due to the complexity of the process of oocyte development and maturation, it is unlikely 

that any single method would be able to provide an accurate assessment of oocyte quality.  

Instead, as discussed in Chapter 1, it is probable that a combination of techniques would 

provide a more accurate measure of quality and competence.  The work described in this 

thesis has been concerned with the direct analysis of cytoplasmic maturation in the oocyte.  

Consequently, it is suggested that the implementation of a second complementary technique, 

which is capable of assessing nuclear maturation, would provide a more complete 

quantisation of oocyte quality.  In particular, it is proposed that birefringence spindle 

imaging would provide a useful adjunct to cytoplasmic Raman assessment.  However, as 

most Raman substrates are highly birefringent, and therefore unsuitable for use in 

birefringence imaging, the experimental setup would have to include two separate sampling 

windows.  

8.2 Concluding Remarks 

It has been shown that the significant biochemical variation which exists within the 

cytoplasm of oocytes and embryos can be visualised using high resolution Raman maps. In 

addition, using the faster sub-sampling collection protocols, it has been shown that the 

spectral signatures of immature and mature oocytes are distinct and that the biochemical 

profile of the cytoplasm is dependent upon the conditions under which the oocyte is matured.  

As such, the work presented in this thesis has demonstrated the vast potential of Raman 

spectroscopy when applied in the field of oocyte biology research.  However, in a wider 

sense, this research could be considered to form the foundations for further studies in which 

Raman is used for the investigation of unfixed oocytes and embryos.  Such work would 

enable a more complete assessment of what constitutes a good quality oocyte, and may help 

optimise clinical protocols used in ARTs. 
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A1.1 Introduction 

The spectra presented in this thesis have been subjected to background removal using the 

orthogonal vector method suggested by Maquelin et al.[230].  This method removes signal 

which cannot be differentiated from that of the background.  As such, a spectrum which is 

representative of the background arising from the optics, quartz coverslip and PBS buffer is 

required.  In this work, the background spectrum was collected from a location adjacent to 

the sample.  Figure A1.1 shows a spectrum derived from a single static measurement before 

and after the implementation of the background removal algorithm.  The background 

spectrum which was collected for the same sample is also presented. 

 

Figure A1.1 – Demonstration of the background removal method described in Chapter 3.  In the plot 

the unprocessed spectrum originating from the sample and the spectrum collected from the 

surrounding buffer are represented by the black and green traces, respectively.  The blue spectrum 

represents the zero-offset spectrum derived from the sample after the implementation of the 

orthogonal vector method described in Chapter 3. 
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A1.2 Comparison of Subtraction Methods 

To enable the investigation of the efficacy of the orthogonal vector method for background 

subtraction, the resulting background subtracted spectrum was compared to a spectrum 

which has undergone a simple, direct background subtraction.   In Figure A1.2, the red trace 

represents the result of the direct method, whilst the blue trace represents the result of the 

orthogonal vector method.  Furthermore, the zero-offset uncorrected spectrum is included to 

enable a more objective assessment of the two methods.   

 

Figure A1.2 – Investigation of the background removal method described in Chapter 3.  In the plot the 

zero-offset spectrum originating from the sample prior to subtraction is depicted by the black trace.  

The blue spectrum represents the zero-offset spectrum derived from the sample after the 

implementation of the orthogonal vector method described in Chapter 3.  As a comparison, the red 

trace represents the corrected spectrum after the implementation of a simple background subtraction 

(sample-background). 
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In both cases, a narrowing of the amide I envelope, when compared to the uncorrected 

spectrum, indicates that the signal arising from the background in this region has been 

successfully subtracted.  Furthermore, the peak which is seen in the region of 700 cm
-1

 in the 

uncorrected spectrum is absent in both corrected spectra.  One difference which is evident 

between the two corrected spectra is the shape of the resulting baseline.  The direct method 

results in a rapidly changing baseline, whilst the orthogonal method reveals a more slowly 

changing baseline which is more representative of the fluorescence which arises from the 

sample.  This is most likely because the vector method is implemented using the first 

derivative.  This difference in shape is significant, as it is more straightforward to correct for 

a slowly changing baseline.  
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A2.1 Introduction 

OLS fitting of the mean spectra derived from the k-means cluster analysis in Chapter 5 was 

performed using a selection of reference spectra.    In each case, the goodness of fit was 

represented by an R
2
 value.  However, these values provide no information about which 

regions of the spectrum are poorly fit.  As such, the residual at each wavenumber was 

calculated for each spectrum, the results of which are presented in Figures A2.1 – A2.12.   

In each case, analysis of the residuals reveals that the fit is poorer in the region of              

990 - 1010, 1245 - 1270 and 1660 - 1670 cm
-1

 which correspond to the phenylalanine 

symmetric stretch, amide III and amide I vibrations, respectively.  As many of the poorly 

fitted regions correspond to Raman shifts associated with proteins, future OLS models could 

benefit from the inclusion of a protein standard which has been isolated from oocytes, or 

indeed, follicular fluid. 

A2.2 The GV Oocyte 

 

Figure A2.1 – Results of the OLS fitting of the mean spectrum derived for the green cluster in the GV 

oocyte.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 
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Figure A2.2 – Results of the OLS fitting of the mean spectrum derived for the blue cluster in the GV 

oocyte.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 

 

 

Figure A2.3 – Results of the OLS fitting of the mean spectrum derived for the red cluster in the GV 

oocyte.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 
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A2.3 The Metaphase II Oocyte 

 

Figure A2.4 – Results of the OLS fitting of the mean spectrum derived for the green cluster in the MII 

oocyte.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 

 

 

Figure A2.5 – Results of the OLS fitting of the mean spectrum derived for the blue cluster in the MII 

oocyte.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity.  
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Figure A2.6 – Results of the OLS fitting of the mean spectrum derived for the red cluster in the MII 

oocyte.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 

 

A2.4 The 2-cell Embryo 

 

Figure A2.7 – Results of the OLS fitting of the mean spectrum derived for the green cluster in the      

2-cell embryo.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted 

spectrum obtained from the OLS fitting and (C) the residual spectrum which is calculated by 

subtracting B from A.  The spectra have been offset for clarity. 
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Figure A2.8 – Results of the OLS fitting of the mean spectrum derived for the blue cluster in the 2-cell 

embryo.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 

 

 

Figure A2.9 – Results of the OLS fitting of the mean spectrum derived for the red cluster in the 2-cell 

embryo.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 
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A2.5 The 4-cell Embryo 

 

Figure A2.10 – Results of the OLS fitting of the mean spectrum derived for the green cluster in the    

4-cell embryo.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted 

spectrum obtained from the OLS fitting and (C) the residual spectrum which is calculated by 

subtracting B from A.  The spectra have been offset for clarity. 

 

 

Figure A2.11 – Results of the OLS fitting of the mean spectrum derived for the blue cluster in the      

4-cell embryo.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted 

spectrum obtained from the OLS fitting and (C) the residual spectrum which is calculated by 

subtracting B from A.  The spectra have been offset for clarity. 
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Figure A2.12 – Results of the OLS fitting of the mean spectrum derived for the red cluster in the 4-cell 

embryo.  The plot shows (A) the mean spectrum derived from the original data (B) the fitted spectrum 

obtained from the OLS fitting and (C) the residual spectrum which is calculated by subtracting B from 

A.  The spectra have been offset for clarity. 
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