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Abstract

In recent years, the uptake of assisted reproductive techniques such as in vitro fertilisation has risen exponentially. However,
there is much that is still not fully understood about the biochemical modifications that take place during the development
and maturation of the oocyte. As such, it is essential to further the understanding of how oocyte manipulation during these
procedures ultimately affects its developmental potential; yet, there are few methods currently available which are capable
of providing a quantitative measure of oocyte quality. Raman spectroscopy enables investigation of the global biochemical
profile of intact cells without the need for labelling. Here, Raman spectra were acquired from the ooplasm of mouse oocytes
at various stages of development, from late pre-antral follicles, collected after in vitro maturation within their ovarian
follicles and from unstimulated and stimulated ovulatory cycles. Using a combination of univariate and multivariate
statistical methods, it was found that ooplasm lipid content could be used to discriminate between different stages of
oocyte development. Furthermore, the spectral profiles of mature oocytes revealed that oocytes which have developed
in vitro are protein-deficient when compared to in vivo grown oocytes. Finally, the ratio of two Raman peak intensities,
namely 1605:1447 cm21, used as a proxy for the protein-to-lipid ratio of the ooplasm, was shown to be indicative of the
oocyte’s quality. Together, results indicate that Raman spectroscopy may present an alternative analytical tool for
investigating the biochemistry of oocyte developmental stage and quality.
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Introduction

The oocyte undergoes significant change during its develop-

ment and maturation. Generally, these developmental processes

are regarded as either nuclear or cytoplasmic maturation events,

with both required for an oocyte to gain developmental

competence, able to fully support fertilisation and embryo

development. Nuclear maturation encompasses the successful

completion of meiosis, whilst cytoplasmic maturation describes the

extensive modification that the cytoplasm undergoes in order to

support the resumption of meiosis and subsequently, successful

fertilisation and embryo cleavage. During cytoplasmic maturation,

the cytoplasm increases markedly in volume. More significant,

though, is the accumulation of organelles and macromolecules and

the cytoskeletal reorganisation, all of which contribute to the

changing biochemical profile of the ooplasm during this period of

maturation. In particular, marked increases in RNA expression,

protein production, mitochondrial copy number and lipid deposits

are all observed during oocyte cytoplasmic maturation [1].

Furthermore, oocyte-specific cortical granules appear and migrate

to the periphery of the oocyte in preparation for recruitment in the

polyspermy-block reaction. As such, it is evident that significant

temporal biochemical variation exists within the oocyte during its

development and maturation.

The oocyte gains the ability to complete post-ovulatory events

while still enclosed in its follicle, doing so in a step-wise manner, so

that it develops the capacity first to exit meiotic arrest and resume

meiosis, then to undergo fertilisation and finally to fully support

embryonic development [2]. Oocyte growth and development is

not an independent process, instead a reciprocal relationship exists

between the oocyte and surrounding granulosa cells, such that the

oocyte regulates granulosa cell proliferation and function while, in

turn, granulosa cells aid in the regulation of oocyte growth and

development [3]. Ovulation of a species specific number of oocytes

each oestrous or menstrual cycle is regulated by continual

development of large numbers of follicles, which are then

subjected to a series of selection processes such that only the

required number will proceed to the pre-ovulatory stage [4]. As of

yet, it is unknown if these selection processes occur solely to

regulate the number of follicles developing to the pre-ovulatory

stage, or if they also allow for the removal of intrinsically abnormal

or poor quality follicles/oocytes. Yet, during ovarian stimulation

cycles high levels of exogenous hormones are administered in

order to support the continued development of surplus follicles,
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thereby selecting follicles that would otherwise have undergone

atresia. Furthermore, high levels of circulating gonadotrophin

have been reported to have a detrimental effect on follicles which

have highly vascularised thecal layers in the later stages of

maturation [5,6].

New technologies are constantly being developed to overcome

the obstacles faced by both female and male infertility. However,

identification of oocyte maturity has been recognised as being one

of the main obstacles to improving the efficiency of IVF treatments

[7] and remains so. Consequently, the assessment of oocyte

maturation and quality has attracted much attention, yet many of

the techniques currently available lack the independent quantifi-

cation required to significantly improve the efficiency of these

treatments. Significant progress has been made in the assessment

of nuclear maturation through the development of techniques such

as birefringence imaging of the meiotic spindle, with this

methodology reported to quantify developmental competence

based upon the retardance of polarised light by the highly-

structured spindle [8–10]. However, the conflicting results that

have been reported using this technique [11] suggest the presence

of factors other than meiotic maturity affecting subsequent

developmental competence. In particular, cytoplasmic develop-

ment has been identified as being pivotal to not only successful

nuclear maturation, but also developmental competence. This

work aimed to investigate if analysis of Raman spectroscopy can

be used to determine the competency of oocytes, here using fixed

oocytes to allow for extensive Raman analysis.

Raman spectroscopy is a physicochemical fingerprinting tech-

nique in which laser photons interact with the bonds of a sample,

stimulating their vibration, and in the process experiencing a shift

in their energy levels (a schematic of the optical arrangement of the

spectrometer and an illustration of peak assignments are presented

in Figures S1 and S2). The energy shift of the photons can be

measured and displayed as a spectrum; the intensity of photon

count (arbitrary units) plotted against photon energy change

expressed as wavenumbers (cm21); Figure 1. As such, Raman

spectroscopy provides a wealth of information regarding the

presence of specific chemical moieties, which can then be

interpreted to provide information for diagnostic algorithms, as

evidenced by previous work in cancer identification [12–15], and,

more relevantly, to analyse embryo culture medium in Assisted

Reproductive techniques, to aid pregnancy outcome [16,17]. This

approach is particularly powerful when used in combination with

multivariate statistical methods. Indeed, vibrational spectroscopy

used in combination with principal component analysis (PCA) has

been described for the discrimination of oocytes with intact

germinal vesicles and those at MII collected after stimulated

ovulation cycles [18], whilst Raman mapping informed by

hierarchical cluster analysis has been used to image biochemical

redistribution in maturing oocytes [19]. Raman offers the

advantage of acquiring information regarding the biochemical

constituents of a sample without labelling, on both fixed and

unfixed samples. As such, this technique is capable of providing

biochemical information which is complementary to that obtained

using fluorescence microscopy.

In this work, Raman spectroscopy has been applied to the

investigation of oocyte cytoplasm biochemistry. Specifically, the

work compares oocytes from natural ovulations with those

ovulated after superovulation regimes, and also examines how

well follicle culture supports oocyte development. Overall, results

report a direct quality assessment of oocytes using Raman

spectroscopy.

Materials and Methods

Animals
Mice (F1 hybrid C57Bl/6J 6 CBA) were housed in an

environmentally controlled room on a 14-hour light, 10-hour

dark photoperiod, provided with food and water ad libitum.

Superovulations were carried out by administering 5 i.u. pregnant

mare serum gonadotrophin (PMSG, Intervet, UK), followed 47

hours later by 5 i.u. human chorionic gonadotrophin (hCG,

Intervet, UK). Mice were culled by cervical dislocation. All animal

work was in accordance with UK legal requirements, and the

study was approved by the University of Edinburgh’s Local Ethical

Review Committee.

Sample Preparation
Four groups of oocytes were collected: immature (IMM);

matured in vitro (MIV); matured in vivo, collected after natural

ovulations (naturally ovulated: NO); and matured in vivo in

response to a superovulatory regime (superovulated: SO).

Follicle dissection and culture. Late pre-antral ovarian

follicles, 190610 mm in diameter and which displayed good

morphology, were dissected from the ovaries of 3-week old female

mice. The resulting follicles were pooled and randomly divided

into two groups: follicles in the first group were immediately

ruptured to release immature oocytes (IMM; n = 39), whilst

follicles in the second group were cultured to produce oocytes that

have undergone a maturation process in vitro (MIV; n = 38). MIV

oocytes were obtained from follicle cultured using a two-step

process as follows. For the first culture process, intact follicles were

cultured at 37uC and 5% CO2 for 6 days, in a-MEM

supplemented with 5% v/v foetal bovine serum (FBS, Labtech,

UK), 1 i.u. ml21 recombinant human follicular stimulating

hormone (r-FSH, gifted from Edinburgh IVF unit) and 180 mM

ascorbic acid (SigmaAldrich, UK), as described in Murray et al.

[6]. At the end of the six-day culture period, follicles had

developed to the late antral stage, at which point they were

ruptured and cumulus-oocyte-complexes (COCs) obtained. The

second culture process cultured COCs for a further 24 hours at

37uC and 5% CO2 in a-MEM supplemented with 5% v/v FBS, 1

i.u. ml21 r-FSH and 20 ng ml21 epidermal growth factor

Figure 1. Analysis of Raman spectrum from a mature oocyte.
Average Raman spectrum collected from the cytoplasm of a mature
oocyte annotated to show the major peaks present in the wavenumber
region 800–1760 cm21, which can be attributed to specific proteins or
lipids. Abbreviations str. and def. refer to vibrations arising from
stretches and deformations, respectively.
doi:10.1371/journal.pone.0067972.g001
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(Boehringer). This two-step culture process has previously been

shown to provide in vitro matured, fertilisable oocytes [6,20].

Oocyte ovulation. Naturally ovulated (NO) oocytes were

dissected from the fallopian tubes of mice, collected from

unstimulated cycles in adult (6–12 week old) mice judged to be

in oestrous by vaginal examination (NO; n = 38). Superovulated

(SO) oocytes were collected from 6–12 week old mice previously

injected with PMSG and hCG as detailed above, with oocytes

dissected from the fallopian tubes of superovulated mice18 hours

after hCG injection (SO; n = 59). SO oocytes were also graded

from Grade 1 to Grade 5 for further analyses: oocyte grading was

carried out after fixation (see section below), based on morpho-

logical appearance as outlined in Table 1.

Preparation of oocytes for raman analysis. For all

oocytes, cumulus cells were removed by pipetting in medium

supplemented with 0.3 mg ml21 hyaluronidase (SigmaAldrich,

UK). Oocytes were washed thrice in phosphate buffered saline

(PBS) before being fixed for 30 minutes in 4% w/v paraformal-

dehyde solution. Paraformaldehyde fixation was used, as parafor-

maldehyde-fixed and unfixed oocytes showed similar results

following Raman analysis, compared to results following fixation

with gluteraldehyde or ethanol, both of which caused significant

modification of the spectra (see Figure S3 for comparison of

various fixation protocols). After fixation, samples were washed

thrice in PBS and stored at 4uC until analysis. For Raman analysis,

oocytes were transferred to a 10 ml drop of PBS in a sample holder

which consisted of a quartz coverslip (UQG Optics, UK) with

cloning cylinder attached: the oocyte and PBS were then overlaid

with 75 ml of silicone fluid (Dow Corning, UK).

Raman Spectroscopy Measurements
All Raman measurements were collected using an InVia Raman

spectrometer (Renishaw plc, UK) coupled to a DM IRB inverted

microscope (Leica Microsystems, Germany). Illumination was

delivered using a 785 nm laser (Toptica, Germany) and focused

via a 406/0.65 NA microscope objective (Leica Microsystems,

Germany). For each oocyte, 101 individual spectra were collected

at a constant spacing of 6 mm, all taken from within the zona

pellucida, through the central focal plane of the oocyte. Each

spectrum was integrated for 37 s over the spectral range 450–

1790 cm21 using a laser power at the sample of 35 mW. A

spectrum of PBS buffer which surrounded the oocyte was also

acquired using the same experimental conditions. Spectra of a

polystyrene standard (SigmaAldrich, UK) and a neon light source

(Renishaw plc, UK) were also taken to calibrate the wavenumber

scale.

Data Preprocessing and Extraction
All data preprocessing was performed using MATLAB and

in-house written scripts. Firstly, data underwent cosmic ray

removal and the wavelength scale was corrected using the neon

and polystyrene spectra. The 101 spectra which were collected

in a grid pattern across each sample were treated as a group

and subjected to a preprocessing routine. Sample spectra and

PBS spectrum were smoothed using a 3-point and 11-point

boxcar function, respectively. The spectral contribution of the

PBS was then subtracted using the first derivative orthogonal

vector method suggested by Maquelin et al. [21], following

which the spectra were returned to their integrated form.

Autofluorescence background was subtracted by fitting a fourth

order polynomial. Next, an average spectrum was generated by

taking the arithmetic mean of the 101 processed spectra.

Average spectra were truncated to the region 800–1760 cm21

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.

Data Analysis and Statistics
All data and statistical analysis was performed using MATLAB

8.0 and the Statistics Toolbox (Mathworks, USA). Statistical tools

employed are summarised below; greater detail may be found in

the Supporting Information (see Text S1). In addition to

univariate testing, multivariate statistical methods were adopted

for data interpretation. High dimensionality is one of the major

obstacles to statistical analysis of spectroscopic data. To simplify

the task of analysing excessively large numbers of samples, data

were subjected to dimension reduction by means of PCA. During

PCA, each spectrum was assigned a score for each of a set of newly

generated principal components (PCs), each of which described

the contribution that the PC made to the original spectrum.

Although PCA can readily illustrate variation between samples, its

use in the classification of additional samples is limited by its

methodology, whilst the application of a logistic regression

algorithm, using intensity ratios directly extracted from each

sample’s Raman spectrum, enabled the straightforward classifica-

tion of additional samples. Canonical variate analysis (CVA),

unlike PCA, is specifically designed to investigate the discrimina-

tion of samples based upon classification. Receiver operating

characteristic (ROC) analysis allows the relationship between the

sensitivity and specificity of a predictive model to be explored, such

that an optimal cut-off point between these two parameters may

be established.

Analysis of oocyte development in vitro. A preliminary

investigation was carried out to determine if oocytes from cultured

ovarian follicles (MIV) could be discriminated from the immature

oocytes collected at the start of the culture period (IMM), with

PCA performed on the data set consisting of all mean spectra

derived from the IMM and MIV oocytes. Spectra from IMM and

MIV oocytes were randomly allocated to either a training set or a

validation set, with 60% of each group’s oocytes used for the

training sets and 40% for the validation sets. Spectra from the

training groups were then used to develop a logistic regression

algorithm to classify oocytes as immature ( = 0) or mature ( = 1).

Using a leave-one-out cross validation methodology combined

with sequential forward feature selection, the model coefficients

were optimised such that the deviance, as defined by 22 log

likelihood ratio, of the model fit was minimised. The predictive

ability of the algorithm was then tested using the validation data

sets.

Table 1. Description of morphological features used to grade
oocytes.

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

Oocytes were morphologically graded and given quality scores to facilitate
investigation of the ability of the Raman fingerprint to quantify cell quality.
doi:10.1371/journal.pone.0067972.t001
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Comparison of oocyte development in vivo and

in vitro. Naturally ovulated (NO) oocytes were compared with

those developed in vitro (MIV) and with oocytes collected after a

superovulation regime (SO). PCA was performed on the mean

spectra derived from the three groups of oocytes. Subsequently, so

as to further investigate the discrimination of the three groups,

CVA was performed using the scores derived for the first seven

principal components (PCs) and leave-one-out cross-validation, so

that each sample was predicted once.

Analysis of quality assessment. Student’s t-test was used to

identify intensity ratios of Raman peaks which were found to differ

significantly (p = 0.01) between oocytes of Grade 1 and those of

Grades 2–5. ROC analysis was used to define a discrimination

threshold for oocyte quality based on a protein-to-lipid ratio

defined from spectral data across the various groups.

Results

Biochemical Interpretation of the Oocyte’s Raman
Spectrum

As illustrated by Figure 1, the Raman spectrum of the mouse

oocyte is complex and displays a significant number of

overlapping bands in the fingerprint region. Contributions

mainly result from protein and lipid molecular vibrations.

Strong peaks are seen in the region of the amide I and amide

III vibrations at 1658 cm21 and 1255 cm21 respectively. The

phenomenon of Raman band broadening is often the result of

overlapping bands. This is particularly true of the amide I

region, within which 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 cm21, with lower, intermediate and upper regions

indicative of a a-helical, random coil and b-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 cm21. The

tyrosine doublet, which is observed at 829 and 856 cm21, is the

result of in-plane ring breathing, while the sharp characteristic

band at 1002 cm21, which is seen in the spectra of most

biological samples, arises due to the symmetric ring breathing of

phenylalanine. Peaks at 1030 and 1207 cm21 occur due to the

C-H in-plane stretch of phenylalanine and the aromatic-carbon

stretch of both phenylalanine and tryptophan, respectively.

Similarly, peaks which form the shoulder of the amide I band at

1605 and 1621 cm21 are attributed to phenylalanine and

tyrosine respectively. Furthermore, the non-overlapping contri-

bution resulting from the CH2 twist, which occurs in lipid

molecules, is seen at 1301 cm21. 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 cm21, corresponding to

the C-H deformation in proteins, lipids and carbohydrates.

Significant overlap also exists in the region below 1000 cm21,

where 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 cm21 respectively.

Biochemical Differences between Oocytes at the Start
and End of Follicle Culture

Raman fingerprinting was successfully used to discriminate

between oocytes at the start (immature: IMM) and end (matured

in vitro: MIV) of the follicle culture period. PCA was performed on

a data matrix that contained the 77 average Raman spectra

collected from the two sample groups. Figure 2A depicts the scores

of the first and second PC for each oocyte sampled. A clear

distinction can be seen between IMM and MIV 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, no distinction exists between the groups in these

dimensions; instead they appear to describe inter-oocyte biochem-

ical variance. Furthermore, an insight into the synchronicity of

oocyte and follicular development can be gained from examining

inter-oocyte variation within the two treatment groups; despite the

fact that all IMM oocytes come from follicles within a narrow size-

window (180–200 mm in diameter) compared to the range of

follicle diameters at the end of culture (from around 300 to

450 mm in diameter: [6,20]), a greater inter-oocyte variance is

observed in PC scores within the IMM group compared to the

tightly clustered MIV oocyte group scores (Fig. 2A). This suggests

an asynchronicity between oocyte and follicular development at

earlier stages of follicle development.

The nature of the biochemical variation between oocytes from

the start and end of the follicle culture period can be revealed by

examination of the PC loadings (Figure 2B): The first PC reveals

positive loadings in the region 1050–1140, 1290–1310 and 1430–

1465 cm21, 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 cm21. Conversely, the second PC, which also

describes 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 cm21, the amide III band at 1240–1280 cm21, the C-H

deformation at 1340 cm21 and the amide I envelope at 1600–

1670 cm21.

Use of Raman Spectroscopy to Predict Oocyte
Developmental Stage

The utility of oocyte assessment based on Raman spectroscopy

is predicated on the ability to classify an unknown oocyte’s

developmental stage with high sensitivity and specificity. A logistic

regression algorithm was optimised using a training dataset (60%

of the original data from the IMM and MIV groups). Blinded

analysis of the model’s predictive ability was then performed using

the independent validation set, which consisted of the remaining

40% of the data from the IMM and MIV groups. The model was

capable of predicting whether oocytes were at an immature

developmental stage (as would be expected of oocyte from late

preantral follicles, the source of the IMM oocyte group), or had

developed further (as would be expected of oocytes collected from

follicles that had been grown in vitro, the source of the MIV oocyte

group): using an unbiased classification cut-off of 0.5, data show

that only 1 of 15 IMM oocytes was classified as mature, whilst only

1 of 15 MIV oocytes was classified as immature, equating to a

sensitivity of 93.3% and specificity of 93.3% (Figure 3).

The classification was then tested further using oocytes collected

after unstimulated (NO) and stimulated (SO) ovulation cycles.

Significantly, although the model was constructed using oocytes

which had developed in vitro, it was successfully used to classify

in vivo, ovulated oocytes: only 2 of 38 NO oocytes and 6 of 59 SO

Investigating the Oocyte Using Raman Spectroscopy
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oocytes were classified as immature (Figure 3); inclusion of these

data results in only a minor reduction in overall sensitivity of the

model to 92.0%.

Analyses of Effect of Environmental Conditions on
Oocyte Development

Analysis of oocytes revealed differences depending on whether

oocytes developed during a natural ovulatory cycle (NO), or

during two very different manipulations, that of superovulation

(SO), or after development in culture (MIV). PCA was performed

on a data matrix containing the 135 average Raman spectra which

had been collected from the three treatment groups (nNO = 38,

nSO = 59, nMIV = 38). Figure 4A depicts the scores of the first and

fourth PC for each oocyte sampled from the NO, SO and MIV

groups. The scatter plot shows that a marked separation exists

between the NO and SO groups and that of the MIV group along

the fourth PC. Furthermore, it reveals a distinction between the

NO and MIV groups along the first PC. Although a spread of

scores along the other significant PCs is observed, no distinction

between the groups exists in these dimensions. The group means

for the NO and SO groups are very close to one another, whilst

the MIV group mean appears distinct, although the scores of the

SO group do overlap with both the NO and MIV groups.

However, the variance of the scores for the SO group is greater

than that of the NO or MIV groups, as demonstrated by the tight

clustering of the latter groups. No within group clusters were

observed for the different experimental replicates.

CVA was then performed using the scores from the first seven

PCs, to limit the error contribution from within group variation;

combined they described over 80% of the variance which existed

in the original data. The results of the CVA revealed separation of

both groups of oocytes ovulated after development in vivo (NO and

SO) from the oocytes obtained at the end of follicle culture (MIV

group), observed along the axis of the first canonical variate (CV),

whilst separation of NO oocytes from the SO and MIV oocytes is

observed along the axis of the second CV (Figure 4B). Results from

the CVA confirmed those obtained from the initial PCA analysis,

showing that the MIV group mean is distinct from both groups of

oocytes that developed in vivo (the NO and SO groups). However,

the CVA also revealed that oocytes collected after superovulation

(SO) have a different spectral profile than those collected after a

natural ovulation (NO). As with the analysis using PCA

(Figure 4A), CVA shows that the SO group has greater intra-

group variation than both the NO and the MIV groups

(Figure 4B).

Raman Spectroscopy Allows Direct Assessment of Oocyte
Quality

Upon examination of the three methods of oocyte development,

those obtained from natural ovulations (NO), after superovulation

(SO), or oocytes from follicles that had been matured in vitro

(MIV), superovulation resulted in the greatest degree of inter-

Figure 2. Principal component analysis of data from immature
(IMM) oocytes and oocytes matured in vitro (MIV). (A): Biplot
showing the scores of each datum obtained from IMM and MIV oocytes
plotted against the first and second component axes generated during
PCA. Separation of immature and mature oocytes is observed along
both the first and second axis. (B): Loadings for the first two Principal
Components generated for the immature and mature datasets.
doi:10.1371/journal.pone.0067972.g002

Figure 3. Box-plot showing predictive ability of logistic
regression algorithm. Validation group consisted of IMM (immature:
n = 15), MIV (matured in vitro: n = 15), NO (naturally ovulated: n = 38)
and SO (superovulated: n = 59) oocytes. Within each box-plot, the
narrow line shows the median, while upper and lower lines indicate first
and third quartiles, with black whiskers extending 1.5 times the inter-
quartile range in both directions: data outwith of this range are
considered outliers, annotated by crosses.
doi:10.1371/journal.pone.0067972.g003
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oocyte spectral variance. Furthermore, the morphological appear-

ance 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. Superovulated oocytes

were, therefore, graded from 1 to 5 according to their

morphological appearance (Table 1). Due to the small number

of oocytes graded as Grades 3–5, and since fully mature oocytes

should be Grade 1, oocytes were subsequently grouped simply as

being of either good quality (Grade 1; n = 24) or poor quality

(Grades 2–5; n = 35) for further analyses.

Good and poor quality SO oocytes were analysed using a two-

tailed unpaired t-test, for each wavenumber examined. This

analysis revealed that the intensities of 12 Raman bands were

significantly different (p = 0.01) between the good and poor quality

groups: in particular, greater intensities were observed in the good

quality (Grade 1) oocytes at 1339, 1401, 1585, 1605, 1621 and

1658 cm21, all of which correspond to protein vibrations, with the

exception of the 1401 cm21 peak which arises due to the presence

of the symmetric carboxylate stretch in fatty acids. Conversely,

good quality (Grade 1) oocytes had a reduction in intensity of the

peaks occurring at 851, 888, 905, 972, 1063 and 1447 cm21 when

compared to those of poor quality oocytes. 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 cm21 peak is associated with the C-C

chain stretch in lipids. The change in the 1447 cm21 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 discernible

shoulder at 1460 cm21 that occurs when this peak is produced by

proteins.

Given that the t-test analyses indicated overall that poor quality

(Grades 2–5) oocytes displayed greater lipid content, whilst good

quality (Grade 1) oocytes have a higher protein content, the ratio

of protein-to-lipid in poor quality oocytes should be lower than

that in good quality oocytes, potentially providing a useful

assessment of oocyte quality. Consequently, all ratio combinations

of the Raman bands identified by the t-tests were examined for

their discriminatory power. One ratio in particular, that of

1605:1447 cm21, was found to be a powerful way in which to

separate the different grades of oocytes: the peak of 1605 cm21

arises due to phenylalanine, whilst that of 1447 cm21 can be

assigned to C-H deformation of lipids. That ratio was, therefore,

utilised as a specific representation of the protein-to-lipid ratio of

the oocyte, with a higher protein content indicating a better oocyte

quality, and used to examine all groups of oocytes. Initially, the

1605:1447 ratio was examined in the five grades of SO oocytes

(Figure 5A). Analysis of the ROC curve for these data indicated

that oocytes could be separated with the highest degree of

certainty with the ratio cut-off set at 0.375, with all but three of the

Grade 1 oocytes above the cut-off, equating to a sensitivity of

87.5%. Similarly, there was very little misclassification of Grade 3–

5 oocytes, with all Grade 3 oocytes correctly classified and only

one each of Grade 4 and Grade 5 oocytes misclassified. The

specificity of the comparison between Grade 1 and Grade 2 was

lower than that comparing Grade 1 with Grades 3, 4 or 5 oocytes,

which is to be expected, since Grade 3–5 oocytes are likely to be

more severely compromised than those belonging to Grade 2,

given their poor morphological appearance.

The 1605:1447 cm21 ratio was then examined for good quality

(Grade 1) SO oocytes, poor quality (Grades 2–5) SO oocytes, and

for the oocytes obtained from natural ovulations (NO) and after

follicle culture (MIV) (Figure 5B). The median of the NO group

sits above the cut-off previously determined from the ROC

analysis of Grade 1 and Grades 2–5 SO oocytes, indicating that

the spectral profile of the NO group is more closely related to the

Grade 1, good quality SO profile. There is also very little

variability in the NO data. Strikingly, the MIV group sits below

the cut-off, indicating that the profile of this group of oocytes is

more similar to that of the poor quality (Grades 2–5) SO oocytes.

Discussion

Raman spectra have been shown here to be able to discriminate

between oocytes at early stages of development and developed,

mature oocytes, and also to indicate oocyte quality. Furthermore,

analysis of spectral profiles shows that oocytes which have

developed in vitro are protein-deficient when compared to those

matured in vivo. Finally, the protein-to-lipid ratio of an oocyte’s

cytoplasm was found to be a good indicator of its quality.

Oocytes from follicles at an early, pre-antral stage of develop-

ment (IMM; used as starting material for the follicle culture)

exhibited much greater spectral variation than the oocytes that

Figure 4. Principal component analysis and canonical variate
analysis of data from oocytes. Scatter plot of oocytes that were
naturally ovulated (NO), superovulated (SO) or matured in vitro (MIV),
showing the scores of each datum against (A): the first and fourth
component axes generated during PCA and (B): the first and second
canonical variate axes generated during CVA.
doi:10.1371/journal.pone.0067972.g004
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had matured in vitro (MIV; obtained from the end of the culture

period). The source of the oocytes in each group needs to be

considered when interpreting this observation. Healthy-looking,

late pre-antral follicles were the originating source of oocytes in

both cases. However, if left to develop in vivo, many follicles would

have become atretic during antral stages of development. IMM

oocytes contains all oocytes assigned to that group, without any

further selection having taken place, and is therefore likely to

include oocytes already destined for atresia. Indeed, some of the

IMM group were discarded during the culture if atresia became

apparent during that time. As such, the MIV follicle cohort

(obtained at the end of the culture period) should represent a more

uniform distribution, and the spectral variation shows this.

Immature oocytes had significantly lower spectral contributions

arising from lipid vibrations when compared with oocytes matured

in vitro. The cytoplasmic maturation that occurs in oocytes as they

grow and develop involves increase in cytoplasmic organelles, and

in particular the increase in mitochondria: it is possible that these

double-membrane bound organelles contribute to the increase in

lipid bond vibrations. Contributions are also likely to arise from

the lipid droplets that accumulate throughout ooplasmic matura-

tion [22–24], thought to be energy reserves for subsequent

embryonic development and membrane production [7]. Depend-

ing upon the source of the marked increase in lipid contributions,

the transfer of this methodology for quantification of maturity in

human oocytes may not be straightforward, since the lipid droplet

content of human oocytes is lower than that of mouse oocytes [25].

The development of oocytes in vitro, including culture of oocytes

through the final maturation process, has attracted much

attention, but 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, regulated by a

number of environmental factors. Consequently, replication of this

process in vitro has proved difficult. Significant attention has been

given to the optimisation of in vitro growth of pre-antral follicles/

ovarian tissue and subsequent maturation of oocytes in the mouse

model. Whilst results suggest that development and maturation

in vitro can support normal nuclear maturation, its ability to

support cytoplasmic competency is less clear; this could explain the

relatively poor fertilisation efficiencies that have been found. It has

been postulated that the reduced developmental competence

following in vitro growth may result from one or more of three

possible mechanisms: the culture environment does not support

cytoplasmic maturation; the protocol induces an asynchrony

between nuclear and cytoplasmic maturation; or the oocytes

possess an intrinsically reduced developmental potential [5]. The

results of the PCA here revealed that oocytes developed in vitro had

lower spectral contributions arising from protein vibrations than

ovulated oocytes whether obtained from natural ovulations of

following a superovulation regimen. These data are consistent with

the findings of several authors who have reported lower protein

expression in in vitro matured murine [26], bovine [27] and human

[28] oocytes, when compared to their in vivo matured counterparts.

In certain instances, some proteins were found to be absent in the

in vitro developed oocytes, whilst Kim et al. [26] specifically

identified significantly reduced expression of b-actin and insulin-

like growth factor II.

More spectral variation exists in oocytes from the superovulated

group than in those from either natural ovulations or from the

group matured in vitro. This is of particularly strong significance

given that the superovulated group contains 1.5 times the number

of samples of the other groups (n = 59, a group size that should

reduce the impact of outliers). The superovulated oocytes

contained some oocytes with lower protein content than the

naturally ovulated oocytes, but also others with a greater protein

content. The superovulation protocol recruits follicles from a fairly

wide range of developmental stages, which could lead to the

presence of relatively immature and of post-mature oocytes in the

superovulated cohort. Low protein-content oocytes may arise

following asynchrony of follicle and oocyte development due to the

superovulation regime, leading to the potential for resumption of

meiosis prior to complete cytoplasmic maturation; superovulated

oocytes with a particularly high protein content could represent

post-mature oocytes, characterised by a number of factors

including a large perivitelline space [29].

The large variation in the number, morphology and quality of

oocytes collected after superovulation, as seen in this work, is well

documented and has been reported to be strain dependent in mice

Figure 5. High 1605:1447 cm21 protein-to-lipid ratio is a good indicator of oocyte quality. (A): Scatter plot showing the ratios of the
intensity of the Raman peak located at 1605 and 1447 cm21 for each mean spectrum derived from the SO (superovulated) oocyte group. Results are
presented according to the grade of the oocyte, as judged by its morphological appearance. The dashed line indicates the cut-off (0.3752) as
determined by analysis of the ROC curve. (B): Box-plot showing the ratios of the intensity at 1605 and 1447 cm21 for Grade 1 (good quality; n = 24)
and Grades 2–5 (poor quality; n = 35) superovulated (SO) oocytes, oocytes collected after natural ovulations (NO; n = 38) and those which had been
matured in vitro (MIV; n = 15). Within each box-plot, the narrow line shows the median, while upper and lower lines indicate first and third quartiles,
with black whiskers extending 1.5 times the inter-quartile range in both directions: data outwith of this range are considered outliers, annotated by
crosses. The dashed line indicates the cut-off (0.3752) as determined by analysis of the ROC curve for the SO oocyte data presented in (A).
doi:10.1371/journal.pone.0067972.g005
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[30–32]. Here, further work was performed to investigate whether

the variation in oocyte quality could be predicted by Raman

spectroscopy. Comparison of the mean spectra for good quality

(Grade 1) and poor quality (Grades 2–5) 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 saccha-

rides, when compared to oocytes judged as being of poor quality.

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 cm21 and the peak at 1447 cm21 assigned to C-H

deformation of lipids. This ratio represented the proportion of

protein-to-lipids in the oocyte: the higher the ratio, the better the

oocyte quality. These findings concur with previous results

indicating that good quality oocytes have high protein content.

Results also indicate that poor quality oocytes have a high lipid

content, which would result in a lower protein-to-lipid ratio. As

most of the poor quality (Grades 2–5) oocytes had cytoplasmic

granularity to some extent (see Table 1), this could be the source of

the increased lipid content, as has been found previously [18].

Given this, the work here provides proof of principle that oocyte

quality can be discerned through analysis of protein-to-lipid ratio

in the oocyte, with the 1605:1447 cm21 ratio particularly effective

for such an analysis. Raman spectroscopy could provide a specific

analysis of the 1605:1447 cm21 ratio rapidly, potentially allowing

it to be undertaken on unfixed oocytes, prior to fertilisation in vitro.

To translate this proof of principle to clinical utility will require

further work. For the use of the oocytes after quality assessment,

the method has to be substantiated for application to live cells. To

achieve this will require a significant reduction in the time

required for spectral acquisition on the sample [33]. For the

present work we sequentially reduced our spectral sampling to 101

positions across the cell’s midline from the 1610 we have used in

previous imaging studies [19]; we regard 101 positions to be a

minimum sample set to give a robust averaging of the cell’s

biomolecular composition. Alternately, we can speed Raman data

acquisition at each point by sampling only the Raman peaks of

interest (namely 1605 and 1447 cm21): indeed, this could be

further accelerated through the use of resonant Raman excitation

employed in techniques such as coherent anti-Stokes Raman

scattering microscopy (CARS) [34].

In conclusion, the work presented here demonstrates that

immature and mature oocytes have distinct cytoplasmic spectral

profiles. Furthermore, results show that a logistic regression model

constructed using Raman intensity ratios can be used to

successfully classify oocyte maturity. Raman micro-spectroscopy

used in combination with PCA and CVA also revealed differences

between oocytes from fully grown follicles, depending on the

environment in which follicle development had occurred: un-

stimulated and superovulated oocytes possess ooplasm with similar

biochemical composition, whilst oocytes that have developed

in vitro have lower protein content, consistent with incomplete

cytoplasmic maturation. Finally, the quality of superovulated

oocytes can be distinguished by the ratio of protein to lipid in their

ooplasm. These results indicate that Raman spectroscopy is a

powerful technique for the analysis of oocyte maturation,

ovulation mechanism and quality. In particular, the implementa-

tion of a Raman imaging protocol used in combination with the

automated pre-processing and analysis algorithms which have

been developed would benefit future work by enabling rapid live-

cell analysis, allowing testing of unfixed oocytes so that only high

quality oocytes are subsequently fertilized.
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