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Abstract
The sequence and chronology of the main biochemical changes occurring in the cytoplasm of bovine oocytes during 
the in vitro maturation process were tracked by Raman microscopy applied to cells previously subjected to enzymatic 
digestion of the zona pellucida. Specific spectral markers for proteins, lipids and carbohydrates were used to evaluate the 
developmental status of the ooplasm at four different times. Spectral changes revealed that lipid accumulation was dominant 
during the first six hours of culture while protein content reached the average levels characteristic of mature oocytes within 
the last four hours of the maturation process. A time-dependent decrease in carbohydrates was also observed. Finally, the 
carbohydrate-to-protein (P1037/P1002) ratio proved to be sensitive enough to determine the cytoplasmic maturation state of 
bovine oocytes and promises to be useful in future research aimed at optimizing culture conditions through the promotion 
of protein accumulation in the ooplasm.
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Introduction

The biotechnology of animal reproduction aims at improving 
the reproductive efficiency of livestock species of interest, 
especially in countries with an economy based on mixed 
crop-livestock systems. With this purpose in mind, several 
studies have focused on the optimization of in vitro embryo 
production (IVP) of farm animals, cattle among them. 
IVP has three main stages: in vitro maturation (IVM) of 
the cumulus-oocyte complexes (COC), in vitro fertiliza-
tion (IVF) of matured oocytes, and in vitro culture (IVC) 
of embryos in a synthetic medium. The IVP of bovine 

embryos has limitations with respect to blastocyst yield and 
embryo quality. The low yield of IVP has been attributed 
to the lower developmental competence of in vitro matured 
oocytes compared to in vivo matured ones (Lonergan and 
Fair 2016; Rizos et al. 2002). Therefore, IVM is undoubt-
edly a crucial stage that directly affects IVP; consequently, 
the improvement in maturation conditions to promote an 
increase in fertilization and embryo development rates is 
of vital importance (Lonergan and Fair 2016; Ward et al. 
2002). The maturation stage of the oocyte is determined 
by essential biochemical and morphological changes under-
gone by the cell during its growth and development. These 
alterations can be separated into two different but synchro-
nized events called nuclear and cytoplasmic maturation. At 
the beginning of nuclear maturation, chromosomes remain 
decondensed in the nucleus, during what is known as the 
germinal vesicle (GV) stage; when the first meiotic division 
starts, chromosomes initiate condensation and the germinal 
vesicle envelope breaks down (GVBD); after that, the first 
metaphase (MI) is formed in which the first polar body is 
released; finally, the oocyte remains arrested in metaphase 
II (MII) until fertilization occurs (Kruip et al. 1983; Sirard 
et al. 1989). During cytoplasmic maturation, the process 
involves the increase in the number of organelles, mainly 
mitochondria, cortical granules and their reorganization, as 
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well as the accumulation of mRNA, proteins and lipids. All 
these necessary modifications must occur in an orchestrated 
and balanced manner to reach the mature state of the cell, 
and also to insure both successful fertilization and subse-
quent early embryonic development (Ferreira et al. 2009; 
Niimura et al. 2002).

In recent years, Raman microscopy has become a pow-
erful tool for the analysis of biological samples since it 
provides valuable information about the biochemical and 
structural composition of cells quickly and without interfer-
ence from surrounding water molecules (Bonnier and Byrne 
2012; Bogliolo et al. 2020). In particular, this technique has 
been used in several studies of the female gametes of small 
mammalians such as mouse and cat, focusing on the charac-
terization of the zona pellucida (ZP) and the cytoplasm. For 
instance, Davidson et al. (2013), by comparing the Raman 
spectral profiles of the cytoplasm of in vitro mature mouse 
oocytes with in vivo mature ones, demonstrated that cells 
treated under in vitro conditions were protein deficient. 
More recently, three-dimensional molecular Raman images 
of living oocytes allowed the detection of small variations 
in protein, lipid and nucleic acid bands between cells at dif-
ferent maturation stages (GV, MI and MII) (Heraud et al. 
2017). Ishigaki et al. (2019) monitored the bands attrib-
uted to phosphoric acid in the cytoplasm of in vivo matured 
mouse oocytes at different times and concluded that these 
features might act as potencial biomarkers of cell compe-
tence and development. Okotrub et al. (2018) observed the 
changes in the intensities of the lipid bands that occurred 
in cat oocytes during their freezing and thawing in order 
to provide information on the effects of cryopreservation 
methods. Conversely, only a few research works used Raman 
spectroscopy in the study of oocytes from larger mammals 
such as ovine and bovine species. In this connexion, the 
Raman studies on the ZP and the cortex of the ovine oocytes 
after their cryopreservation carried out by Bogliolo et al. 
(2012, 2014) are worth mentioning. In these research works, 
the spectra showed modifications in the secondary struc-
ture of the proteins and in the carbohydrate residues of both 
cell regions but, according to the spectral maps, the cortex 
experienced changes mainly in the protein content (Bogliolo 
et al. 2012, 2014). As to the bovine species, Rusciano et al. 
(2017) evaluated the changes in the ZP and cytoplasm of 
vitrified/warmed in vitro matured oocytes at different post-
warming times and observed a decrease in the content of 
unsaturated lipids, while the proteins showed alterations in 
their secondary structure. Our group has also contributed 
to a better understanding of the biochemical and structural 
changes that occur in bovine oocytes upon the in vitro matu-
ration process by using Raman microscopy. In a prelimi-
nary study, we carried out a detailed analysis of the spectral 
changes undergone by the bands of the ZP glycoproteins. 
We observed a marked decrease in the intensity of sugar 

Raman bands and intensifications in those corresponding 
to proteins in the spectra of mature oocytes, which were 
indicative of a structural reorganization of the ZP consisting 
in a greater exposure of the terminal sugar residues (e.g., 
sialic acid) while the glucan nucleus was masked by the 
polypeptide chain (Rizo et al. 2016). Recently, we char-
acterized the immature and in vitro mature states of the 
bovine ooplasm using specific bands of lipid, protein, and 
carbohydrate vibrations; oocytes were previously subjected 
to enzymatic digestion of their ZP to prevent interferences 
(Jimenez et al. 2019). The spectra of mature oocytes showed 
a marked increase in both lipid and protein content while 
sugars decreased considerably compared to the immature 
oocytes (Jimenez et al. 2019).

On the basis of our previous results, the aim of this work 
was to carry out a more in-depth investigation of the bio-
chemical changes that occur in the cytoplasm of bovine 
oocytes during IVM to determine their sequence/chronol-
ogy and to evaluate the global changes in the content of the 
main bio-components by using Raman microscopy. To this 
end, the spectra of oocytes obtained at intermediate stages 
of IVM (in vitro cultured for 6 or 18 hours) were compared 
with the spectra of control samples for immature and in vitro 
matured oocytes.

At present there is great interest in improving the IVM 
media in order to ensure a) the developmental competence 
of bovine oocytes and increase the blastocyst rate and b) 
the obtainment of good quality embryos to transfer them 
to a recipient female. In this context, the results presented 
here provide valuable knowledge for further studies on the 
spectral characteristics of oocytes undergoing maturation in 
supplemented media with specific components. Detection 
by Raman microscopy of improvements or impairments in 
oocytes subjected to IVM, prior to IVF or embryo culture, 
would substantially reduce losses in embryo production.

Materials and methods

Cumulus oocytes complexes collection

Bovine ovaries were collected from heifers (Bos taurus) at 
a local abattoir and transported in sodium phosphate buffer 
(PBS), pH 7.4, at 25-30 °C for processing within 2 h after 
collection. For the present study, 20 ovaries from 10 heif-
ers were employed. Cumulus oocytes complexes (COCs) 
were obtained by aspiration from follicles of 2 to 8 mm 
in diameter with an 18-gauge needle connected to a 5 mL 
disposable syringe containing ~1 mL of Tirodes Albumin 
Lactate Piruvate medium (TALP) supplemented with 10 
mM N-2-hydroxyethylpiperazine-N ̕-2-ethane-sulfonic acid 
(HEPES, Genbiotech, Argentina) plus 10% (v/v) fetal bovine 
serum (FBS, Internegocios, Argentina). Eighty immature 
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COCs (n=80), with uniform ooplasm and intact and com-
pact cumulus cell layers, were selected by using a stereo-
scopic microscope (Olympus SZ51). After two washes in 
TALP–HEPES medium, COCs were randomly distributed 
into two groups. In the first group, COCs that remained in 
the immature state were separated and reserved for nuclear 
staining test and Raman measurements, described later on 
in this work (n=20); they were called immature COCs. The 
second group of COCs (n=60) underwent an in vitro matu-
ration process.

In vitro maturation

In vitro maturation (IVM) of bovine COCs was carried out 
as described previously (García et al. 2015a). COCs destined 
for maturation were divided into three groups with n=20 
complexes each. These were transferred to 100 μL drop-
lets of in vitro maturation medium containing tissue culture 
medium (TCM) -199 (Gibco, USA). This medium was sup-
plemented with 10% (v/v) FBS, 0.375 IU mL-1 human folli-
cular stimulant hormone plus luteal hormone (HMG Ferring 
®, Argentina), 0.13 mmol L-1 of sodium pyruvate (Sigma 
P4562, USA), 20 mM cysteamine (Sigma M9768, USA), 
and 1% antibiotic–antimycotic solution (Gibco, USA). Each 
drop of the medium contained a maximum of 10 COCs. 
Each of the three groups was maintained in IVM conditions 
(culture medium at 38.5 °C and under CO2 at 5% atmos-
phere) for 6, 18, or 22 hours; 22 hours is the time required to 
complete the IVM protocol used here (García et al. 2015b). 
These maturation times were selected to determine the gen-
eral characteristics of the cytoplasm, evaluated in terms of 
the relative abundances of the main bio-components, and so 
relate what happened in the cytoplasm with what happened 
in the nucleus: before starting the maturation process (t= 
0h), the oocyte presents an intact nucleus surrounded by 
the nuclear envelope (GV stage); after 3 to 6 hours of devel-
opment, chromosomes condensation and fragmentation of 
the nuclear envelope (GVBD stage) begins; between 12-18 
hours of culture, the oocyte is characterized by the forma-
tion of the meiotic spindle (MI stage) and finally, after 19 
to 22 hours, the first polar body is released and the oocyte 
reaches the stage of metaphase II (MII) (Kruip et al. 1983; 
Sirard et al. 1989).

Evaluation of cumulus expansion

Cumulus expansion was evaluated by recording digital 
images with a stereomicroscope (Olympus SZ51) with 
a magnification of 25X. Each of the three groups of cul-
tured COCs as well as the group of immature COCs were 
assessed. The cumulus area from each oocyte was measured 
with a computerized image-digitizing system (ImageJ soft-
ware) which allows the measurement of irregular areas. The 

relation between each cultured COC area for a specific time 
period and that of immature COC were determined (Rizo 
et al. 2021).

Preparation of oocytes for the different analyses

The cumulus cells of the four different COCs groups were 
removed by pipetting in warm TALP–HEPES medium 
with 0.3 mg mL-1 hyaluronidase (Sigma Aldrich, USA) as 
previously described (García et al. 2015a) . Oocytes were 
washed three times with PBS containing 1% bovine serum 
albumin (BSA, DSF Lab, Argentina). After that, the four 
groups of oocytes without cumulus cells were divided into 
two subgroups each. In one of the respective sub-groups, the 
oocytes with their intact ZP were fixed for 30 minutes in 4% 
paraformaldehyde solution (w / v), (Rizo et al. 2021; Jime-
nez et al. 2019; Rusciano et al. 2017), washed three times 
in PBS/BSA and stored at 4 °C to evaluate their nuclear 
maturation with a staining technique. In the remaining sub-
groups, the oocytes were treated with 0.4% (w / v) pronase 
(Steptomyces griseus protease, Sigma, USA) to completely 
digest the ZP. The zona-free oocytes, all of them presenting 
a visually homogeneous ooplasm, were washed in PBS/BSA 
three times, fixed for 30 minutes in 4% paraformaldehyde 
solution (w / v), washed three times in PBS/BSA and stored 
at 4 °C for Raman measurements. For spectral analysis, the 
four sample collections were named 0H, 6H, 18H and 22H, 
according to the culture time to which they were subjected. 
Samples named as 0H and 22H were considered immature 
and mature control groups, respectively.

For clarity, Fig. 1 shows a summary of the experimental 
design, which ranges from the aspiration of the COCs to the 
time when oocytes were ready for Raman measurements. 
The whole experimental procedure was performed in dupli-
cate carried out in different experiments.

Nuclear maturation controls

In order to support the results derived from the vibrational 
analyses, the nuclear maturation stages of the oocytes 
belonging to the four sub-groups of cells were determined 
by the nuclear staining technique and subsequent observa-
tion by epifluorescence microscopy. Assays were performed 
by following a protocol previously described (Roldán-Olarte 
et al. 2017). Briefly, for each sample group and experiment, 
the chromatin of 20 oocytes was stained with 1 μg / mL of 
Hoëchst 33342 (Sigma Aldrich, USA) for 15 minutes, then 
washed and mounted on 2 μL of mounting medium (50% 
(v / v) PBS, 50% (v / v) glycerol, 0.0025 μg / mL Hoëchst). 
Finally, the oocytes were placed between a coverslip and a 
glass slide and sealed with nail polish. Slides were examined 
by using an epifluorescence microscope (Olympus BX40). 
Oocytes that showed a well-defined nucleus (GV), GVBD, 
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or a visible first metaphase plate (MI), were considered as 
immature, while those that showed the presence of the first 
polar body or the second metaphase plate (MII), were con-
sidered mature oocytes (Ferreira et al. 2009).

Raman microscopy measurements

Raman measurements were obtained from ZP-free oocytes 
from the four groups formed here. Since some cells were 
partially damaged during ZP removal, the total number of 
oocytes suitable for analysis by Raman microscopy varied 
in the groups: 0H (n=14), 6H (n=13), 18H (n=17), and 22H 
(n=14), belonging to two experiments (the original and 
the duplicate, detailed above). The oocytes were individu-
ally transferred to a gold-coated slide, suitable for Raman 
microscopy, in 5 μL drops of PBS. Raman measurements, 
between 3500 and 50 cm-1, were performed with a DXR con-
focal Raman Microscope (Thermo Fisher Scientific, USA) 
equipped with a motorized stage with a spatial resolution of 

3 μm (x, y axes) and a confocal depth resolution of 2 μm. A 
diode-pump solid state laser of 780 nm (5 cm-1 spectral reso-
lution) was used. For data collection, excitation at 24 mW 
of power and a confocal aperture of 50 μm slit were used. 
Samples were focused with a 20X objective. In addition to 
the excess of PBS medium used during Raman measure-
ments, dehydration of the oocytes caused by long periods 
of irradiation was prevented and the good condition of the 
sample was preserved by collecting spectra from a maxi-
mum of five sampling points for each oocyte (Jimenez et al. 
2019; Rizo et al. 2016). The sampling points were chosen at 
random but following a previously established order so as 
to cover the peripheral and central regions of the outermost 
layers of each oocyte, as indicated in Fig. 1B. Each sampling 
point yielded one individual spectrum, which was acquired 
by accumulating 40 expositions with an exposure time of 3 
seconds each. All the spectra of a given oocyte were com-
pared among them and those showing a poor signal-to-noise 
ratio or an excessive contribution from the PBS medium 

Fig. 1   A Schematic representa-
tion of the experimental design 
of this study. B Image of the 
cytoplasm of a zona-free oocyte 
cultured in vitro for 6 hours, 
obtained with a confocal Raman 
microscope using a 20X objec-
tive. The numbers indicate the 
approximate locations of the 
sampling points used for data 
collection
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were rejected; thus, in some cases, the number of individual 
spectra per oocyte was reduced to four or three. The Raman 
spectrum of the PBS medium was also acquired to be used 
as a reference. All spectroscopic experiments were carried 
out at room temperature.

Data analysis and statistics

Spectral data were processed with the OMNIC 8 Software 
suite (Thermo Scientific, USA). The total number of collected 
spectra per group was 62 from 0H, 67 from 6H, 82 from 18H 
and 66 from 22H. In order to ensure that the PBS medium did 
not interfere with the observation of the cytoplasm, its spectral 
contribution was eliminated by subtraction of the PBS spec-
trum from each cytoplasm spectrum. The resulting spectra 
were consistent with both the reduction of the band at 1616 
cm-1 and the flatting of the spectral profile in the 3300-3050 
cm-1 region, both attributed to the PBS medium (Jimenez et al. 
2019; Rizo et al. 2016). Subsequently, all the spectra were 
individually baseline corrected using a linear algorithm and 
then smoothed with 13 data point with the Savitzky-Golay 
algorithm (Savitzky and Golay 1964).

Due to the inhomogeneous distribution of organelles 
and lipid droplets, especially in the outermost layers of the 
cytoplasm, spectral differences among the processed spectra 
belonging to a single oocyte were later averaged to yield a sin-
gle average spectrum per cell. Then, since the average spectra 
of the oocytes that were cultured in vitro for the same period 
of time did not show significant differences among them, a 
single representative spectrum of each group was generated. 
Four different representative spectra were obtained by taking 
the arithmetic mean of the 14, 13, 17 and 14 mean spectra 
corresponding to groups 0H, 6H, 18H and 22H, respectively. 
The spectra were consecutively compared with each other.

Arithmetic decomposition of the complex spectral region 
comprised between ~1600 and ~1700 cm-1 was performed 
with the GRAMS/32 software (Thermo Scientific, USA). 
The number of components in each peak and their locations 
were first determined by calculating the second derivatives 
of the representative spectra. The best-fitting procedure, 
based on the Levenberg-Marquardt method, was applied by 
using Voight functions (Marquardt 1963); the four parame-
ters (position, height, Gaussian width, and Lorentzian width) 
were set free while the number of peaks underlying the origi-
nal curve was fixed; iterations were allowed until solution 
converged and the best fit was visually evaluated by super-
imposing the reconstituted curves on the original spectra and 
by taking into account the maximum proximity between the 
position of the deconvolved bands and the location of the 
peaks in the second derivative (Jimenez et al. 2019).

Statistical analyses were performed by considering the 
58 average spectra generated in this study. The INFOSTAT 
software package 2013 (FCA-UNC, Argentina) was used to 

carry out the Student´s t-test, with significance set at p<0.01, 
as well as to perform a Principal Component Analysis (PCA) 
and the receiver operating characteristic (ROC) analysis. The 
second derivative of all the average spectra in each group 
were used in statistics based on its well-known usefulness to 
reveal the fine structure of the bands (Bogliolo et al. 2013, 
2014; Jimenez et al. 2019; Wood et al. 2008). Student´s t-test 
and PCA were applied to the intensities of the characteristic 
peaks of lipids (at 1300 and 1062 cm-1), sugars (1037 cm-1), 
and proteins (1340 and 1003 cm-1), extracted from the sec-
ond derivative of the spectra. It had been previously deter-
mined that these signals show a statistically significant vari-
ation between immature stages and mature bovine oocytes 
(Jimenez et al. 2019). The Student's t test propitiated a bet-
ter comparison between two spectral groups of consecutive 
cultivation periods by estimating the mean intensity and the 
variation of the selected peaks. PCA allowed determining 
the major trends within a given spectral data set based on 
the principal components PC1 and PC2; these new variables 
condense the spectral information supplied by such specific 
peaks. The ROC analysis, limited to monitoring the rela-
tive intensities between a lipid or protein peak with regard 
to the sugar peak, allowed the detection of differences in 
the content of the major bio-components within the same 
maturational group.

Results

Cumulus‑oocyte‑complexes observation

The first morphological indicator that the maturation process 
is being carried out is the expansion of the cumulus cells 
mass that surrounds the oocyte. The progressive increase 
in the size of these cells was evaluated prior to the spectral 
and staining assays. In the case of COCs grown for 6 and 18 
hours, the enlargement was about 30% and 298%, respec-
tively, compared to immature COCs, while for COCs that 
were kept for 22 hours in the culture medium, the expansion 
was 419%. These results confirmed the progress of IVM 
over time.

Nuclear maturation rate of bovine oocytes

The progress of IVM was additionally monitored by evalu-
ating the degree of nuclear maturation at each time point 
assayed by staining the oocytes with Hoëscht 33342 to 
observe the nuclear morphology.

As expected, all the oocytes in the 0H group were effec-
tively identified as immature since the nuclei were in the GV 
stage, while 73.7% of oocytes cultured for 22 hours were in 
the MII stage. The fluorescence-based technique also deter-
mined that 75% of oocytes cultured for 6 hours remained in 
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the GV stage while the rest moved on to GVDB. The group 
of oocytes subjected to maturation for 18 hours resulted 
in two subgroups: 50% of oocytes with immature nucleus 
(31% of oocytes were in the MI stage and the rest in GV 
or GVBD) and 50% in the MII stage, that is, oocytes with 
nuclear maturation.

Raman spectroscopy analysis

The Raman spectral analysis of ooplasms at two intermedi-
ate maturational stages (6H and 18H groups) was carried 
out by comparison both between their representative spectra 
and with those in the control groups (0H and 22H groups).

The identification and comparative analysis of the specific 
vibrational modes of the proteins, lipids, and carbohydrates, 
here considered as the relevant components, allowed us to 
infer the main biochemical alterations that the cell under-
went at the selected times of the maturation process.

Figure 2 shows the spectral region comprised between 
3100 and 2800 cm-1 extracted from the representative spec-
tra belonging to the four groups of zona-free oocytes here 
generated. This region is characterized by the presence of 
the strongest Raman bands of the spectra, originated by the 
superposition of various C-H stretching modes correspond-
ing to the CH2 and CH3 groups of all the macromolecules 
of the cytoplasm. Similarly, Fig. 3 compares the 1800-900 
cm-1 spectral region obtained for the four groups. Posi-
tions, relative intensities, and shapes of most of the signals 
appearing in this sub-region of the fingerprint have already 
been well determined for mammalian oocytes (Heraud et al. 
2017; Ishigaki et al. 2019; Jimenez et al. 2019; Okotrub et al. 
2018). Conversely, the spectral region below 900 cm-1 is 
normally excluded from the vibrational study of biologi-
cal systems due to the inherent poor signal-to-noise ratio 

Fig. 2   Representative Raman 
spectra of the four groups of 
oocytes generated in this study, 
truncated to the region com-
prised between 3100 and 2800 
cm-1. The peaks associated with 
the νsCH3, νasCH2, and νsCH2 
modes are highlighted

Fig. 3   Representative Raman 
spectra of the four groups 
of oocytes generated in this 
study, truncated to the region 
comprised between 1800 and 
900 cm-1. The spectra were 
normalized with the band at 
1441 cm-1 (δCH3/CH2) for 
better comparison. The grey 
areas indicate the location of 
the protein vibrational modes. 
Lipid bands are highlighted 
with *. Carbohydrate bands are 
highlighted with **. The verti-
cal lines show the most relevant 
bands arising from this analysis. 
Included wavenumbers for 
specific vibrations correspond 
to the bands used for statistics. 
Ar: vibration of aromatic amino 
acids
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that makes band assignments difficult (Davidson et al. 2013; 
Krafft et al. 2005; Wood et al. 2008). Table 1 lists most of 
the bands observed in the 3000-900 cm-1 region of the rep-
resentative spectrum of each group of oocytes together with 
the proposed assignment and the references.

The tracking of the main biochemical changes that 
occurred in the cytoplasm of bovine oocytes as the in vitro 
maturation progressed was performed by comparing two 
consecutive culture periods.

0H spectrum vs 6H spectrum

The spectral profile corresponding to the C-H stretch-
ing bands was significantly different in the 6H group with 
respect to the one obtained from immature oocytes (see 
Fig. 2): the relative intensities of the bands at 2851 cm-1 
(νsCH2) and 2930 cm-1 (νsCH3) were visibly altered while 
the νasCH2 feature shifted from 2881 cm-1 (in 0H) to 2888 
cm-1 (in 6H). The IνsCH2/IνsCH3 ratio was proposed to 
infer the relative abundances between lipids and proteins 
in the ooplasm (Czamara et al. 2017; Krafft et al. 2005;). 
The increment of about 21% in the intensity ratio in the 6H 
spectrum was then indicative of an enhanced lipid content 
upon six hours of culturing. In turn, the upshift of the νasCH2 
band was associated with a higher proportion of unsaturated 
lipid chains. The peak at ~2883 cm-1 was assigned to lipids 
and triglycerides with saturated acyl chains, and the signal 
at ~2895 cm-1 to systems containing double bonds in their 
chains (Czamara et al. 2014, 2017; Lee and Bain 2005; Sosa 
Morales et al. 2015, 2019).

When comparing the region between 1800-900 cm-1 of 
both spectra, one of the most remarkable differences was the 
enhancement on the band centered at 1300 cm-1 (τCH2 mode 
of lipid acyl chains) in the 6H group. In addition, the drastic 
changes in both the relative intensity and the shape adopted 
by the complex contour, observed in the region between 
1060 and 1130 cm-1, were produced by the presence of 
various vibrational modes of both lipids and carbohydrates 
(see Fig. 3, Table 1). This resulted in a band cluster simi-
lar to the one typically observed for the fluid phase of pure 
lipid systems: a central band at 1084 cm-1 (associated with 
methylene groups in gauche conformation, ν(C-C)G) and the 
flanking bands located at 1125 and 1063 cm-1 (associated 
with the alkyl chains in trans conformations, νs(C-C)T and 
νas(C-C)T , respectively). Then, the band at 1104 cm-1 (in 0H 
spectrum), which was associated with a sugar νC-O/δC-O-H 
mode, was completely eclipsed in the 6H spectrum. On the 
other hand, the band centered at 1655 cm-1 was observed 
to be narrower and cleaner at its base than in the 0H; this 
feature receives contributions from the amide I (AmI) mode 
of the different secondary structure domains of proteins and 
of N-acetylated carbohydrates as well as from the stretching 
of unsaturated lipid chains (νC=C) (Jimenez et al. 2019; Lee 

and Bain 2005; Rygula et al. 2013). Better insights of this 
composite band were obtained upon deconvolution and peak 
fitting procedures; this was applied to the four representative 
spectra generated in this study and shown in Fig. 4. In this 
way, it was clearly observed that the component at 1655 cm-1 
in the 6H spectrum (see Fig. 4b), assigned to the lipid νC=C 
vibration, stood out over all the others, while the component 
associated with the AmI mode of acetylated sugars (1640 
cm-1) evidenced a significantly lower contribution than in the 
0H spectrum (Fig. 4a). Additional evidence of the decrease 
in sugar contribution to the spectrum of oocytes cultured for 
six hours was given by the weakness of the feature at 1037 
cm-1 (assigned to a νC-O/δC-O-H mode, see Fig. 3).

6H spectrum vs 18H spectrum

The most noticeable change observed in the spectrum of 
oocytes cultured for 18 hours compared to the spectrum of 
those treated for six hours is the great enhancement shown 
by the C-H stretching bands of the methylene groups (see 
Fig. 2). The IνsCH2 /IνsCH3 intensity ratio was ~17% higher 
than in the 6H spectrum, which indicated an increased pre-
dominance of the total lipid content over the protein content 
in oocytes subjected to in vitro culture for 18 hours.

The remaining lipid bands appearing in the fingerprint 
region of the 18H spectrum (Fig. 3) also evidenced enhance-
ments, albeit of lower magnitude, with the exception of a 
neat spectral difference detected with the naked eye in the 
1250-1280 cm-1 region. The broad and structured band 
observed both in the spectra of immature oocytes and in 
that of oocytes cultured for six hours, assigned to the AmIII 
mode of proteins, was replaced by a narrow and well-defined 
feature, centered at 1267 cm-1 in the 18H spectrum. This 
band was assigned to a deformation mode of unsaturated 
acyl chains of lipids, δC=CH, which is normally expected 
as a sharp signal at 1260 cm-1 (Ishigaki et al. 2019; Heraud 
et al. 2017; Czamara et al. 2014). Such increment in the 
content of unsaturated lipid was supported by the change in 
the shape of the ν(C-C)G band (~1070-1095 cm-1), sensitive 
to the population of methylene groups in gauche conforma-
tions along the acyl lipid chains (Czamara et al. 2014; Sosa 
Morales et al. 2015, 2019).

18H spectrum vs 22H spectrum

Drastic differences were observed in the protein-related 
bands when comparing the representative spectra of the 
18H and 22H groups. In the highest wavenumbers region, 
the prevalence of the band at 2931 cm-1 (νsCH3) stood out, 
which is mainly associated with protein vibrations. In the 
fingerprint region, several other notorious changes were 
manifested. Among them, the one experienced by the con-
tour of the composite band with maximum at 1655 cm-1 
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Table 1   Wavenumbers (cm-1), relative intensities, and tentative assignment of the Raman bands observed in the ~3000–900 cm-1 region of the 
representative-spectra of the four sampling groups generated in this study

[a] vs: very strong; s: strong; m: medium; w: weak; vw: very weak; sh: shoulder; br: broad
[b] ν: stretching; δ: deformation; τ: twisting; T: trans; G: gauche; s: symmetric; as: antisymmetric; AmI: amide I; AmIII: amide III; Phe: phenyla-
lanine; Tyr: tyrosine; Trp: tryptophan

0Ha 6Ha 18Ha 22Ha Assignmentb Reference

2930vs 2930vs 2931vs 2931vs νsCH3 (protein, lipid) (Heraud et al. 2017; Krafft et al. 2005)
2881vs 2888vs 2888vs 2886vs νasCH2 (lipid, protein) (Czamara et al. 2014; Sosa Morales et al. 2019; 

Bresson et al. 2006)
2851vs 2851vs 2850vs 2852vs νsCH2 (lipid) (Heraud et al. 2017; Krafft et al. 2005; Sosa 

Morales et al. 2015)
1747w 1748w 1747w 1747w νC=O (phospholipid) (Heraud et al. 2017; Okotrub et al. 2018; Czamara 

et al. 2014; Neal 2018)
1732w 1733w 1733w ~1732vw νC=O (triglyceride) (Heraud et al. 2017; Okotrub et al. 2018; Czamara 

et al. 2014; Neal 2018)
1655s/br 1655s 1655s 1655s/br AmI (protein) // νC=C (lipid) (Davidson et al. 2013; Jimenez et al. 2019; Rizo 

et al. 2021; Ishigaki et al. 2019)
~1640sh AmI (carbohydrate) (Jimenez et al. 2019; Rizo et al. 2021; Rizo et al. 

2016)
1620 m 1620m 1620m 1617m νTyr (Heraud et al. 2017; Jimenez et al. 2019; Rizo 

et al. 2016; Rygula et al. 2013)
1605sh 1602w 1599w 1604sh νPhe (Jimenez et al. 2019; Rizo et al. 2021; Rygula 

et al. 2013; De Gelder et al. 2007)
1441vs 1438vs 1438vs 1442vs δCH3 /CH2 (protein; lipid; carbohydrate) (Okotrub et al. 2018; Bogliolo et al. 2014; Jime-

nez et al. 2019; Rizo et al. 2021)
~1366sh νTrp (Rygula et al. 2013; De Gelder et al. 2007; Boyaci 

et al. 2015)
1343s δCCαH (protein) (Rygula et al. 2013; Boyaci et al. 2015; Jimenez 

et al. 2019)
1300m 1298s 1297s 1300s τCH2 (lipid) (Heraud et al. 2017; Jimenez et al. 2019; Czamara 

et al. 2014; Petruk et al. 2013)
1265m 1265m 1265s ~1278sh AmIII (protein) // δC=CH (lipid) (Jimenez et al. 2019; Rygula et al. 2013; Czamara 

et al. 2014; Rusciano et al. 2017)
~1258sh ~1258sh 1267m AmIII (protein) (Heraud et al. 2017; Jimenez et al. 2019; Ishigaki 

et al. 2019; Rusciano et al. 2017)
1125m 1125m 1125m 1125m νs(C-C)T (lipid) (Davidson et al. 2013; Okotrub et al. 2018; Jime-

nez et al. 2019; Petruk et al. 2013)
1104w ~1103sh νC-O / δC-O-H (carbohydrate) // νsPO-

2 (phos-
pholipid)

(Heraud et al. 2017; Petruk et al. 2013; Oleinikov 
et al. 1999; Wu et al. 2011)

1084m 1084m 1083m 1084m ν(C-C)G (lipid) (Sosa Morales et al. 2019; Sosa Morales et al. 
2015; Boyaci et al. 2015)

1063w 1063m 1063w 1064w νas(C-C)T (lipid) (Heraud et al. 2017; Okotrub et al. 2018; Sosa 
Morales et al. 2019)

1037m 1038sh 1039sh 1037sh νC-O / δC-O-H (carbohydrate) (Jimenez et al. 2019; Rizo et al. 2016; De Gelder 
et al. 2007; Orendorff et al. 2002)

~1027sh 1032w 1032w/br 1032m νC-C (protein backbone) (Jimenez et al. 2019; Bogliolo et al. 2013; 
Kengne-Momo et al. 2012)

1002m 1002w 1001w 1003m δPhe (Bogliolo et al. 2012; Rusciano et al. 2017; 
Rygula et al. 2013)

970w 971m 969m 969w δC-H (lipid) (Czamara et al. 2014)
953m 954w 954w 954m νC-O-C (carbohydrate) // Trp (Orendorff et al. 2002; Hernández et al. 2013; 

Kranz et al. 2013; Rygula et al. 2013)
941m 942w 942w 942m νC-O-C (carbohydrate) // Ν-Cα-C (protein) (Krafft et al. 2005; Rygula et al. 2013; Kranz et al. 

2013; Hernández et al. 2013)
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stood out; it was broader and more irregular in the 22H than 
in the 18H spectrum (Fig. 3). Upon deconvolution of this 
band, the AmI components of proteins were found to have 
gained considerable intensity with respect to the component 
assigned to νC=C of unsaturated lipids (see Fig. 4 D). In 
addition, improvement in the bands at 1617 cm-1 (νTyr) and 
1343 cm-1 (δCCαH in protein α-helix structure) was also 
found.

It is worth mentioning that a single feature at ~1746 cm-1 
in 22H spectrum (νC=O mode of phospholipids and cho-
lesterols) was observed, while two components were clearly 
evidenced in the representative spectra of the 0H, 6H, and 
18H groups (νC=O mode of triglycerides at 1733 cm-1). This 
fact suggests that the triglycerides content dropped drasti-
cally during the last four hours of the in vitro maturation 
process (Czamara et al. 2014, 2017; Neal 2018). With the 
exception of this last spectral difference, all the above fea-
tures indicate that protein abundance prevailed over the other 
bio-components in oocytes belonging to the 22H group.

Statistical analysis

Interpretations derived from the spectral differences 
observed between the four representative spectra of bovine 
oocytes were supported by statistical analyses. Previously, 
we determined that the peaks at 1300 and 1062 cm-1 (τCH2 
and νas(C-C)T of lipid acyl chains, respectively), 1037 cm-1 
(νC-O/δC-O-H of carbohydrates), and 1340 and 1003 cm-1 
(δCCαH and Phe breathing of proteins, respectively) show 
statistically significant variations between the immature and 
mature states of bovine oocytes (Jimenez et al. 2019). In 
the current analysis, the arithmetic means of these variables 
were re-evaluated by including the intermediate states gener-
ated in this study (Fig. 5A).

The lipid vibrations observed at 1300 and 1062 cm-1 
evidenced a significant enhancement in the 6H spectrum 
with respect to the control groups (0H) (p= 0.002 and p= 
0.0002, respectively) while no statistically significant dif-
ferences were estimated in the subsequent culturing periods 
(p> 0.01). Conversely, the mean value of the variable at 
1343 cm-1 was significantly improved just at the end of the 
maturation process (p= 0.0001 in the 22H group); the band 
at 1002 cm-1 indicated that in oocytes belonging to the 6H 
group, the protein content increased approximately 55% (p= 
0.006) with respect to the initial maturational state (0H) but 
rose up to ~130% (p= 0.003) in the 22H group. The opposite 
trend was manifested by the carbohydrate peak at 1037 cm-1, 
which progressively decreased in intensity throughout the 
complete process of IVM, although the magnitude of this 
change was not statistically significant (p> 0.01).

The subsequent Principal Component Analysis (PCA) 
yielded two new variables, PC1 and PC2. PC1 scores 
allowed the drawing of a clear distinction between the 
oocytes in the 0H and 22H groups: positive values corre-
lated with spectra showing strong contributions both from 
lipids and proteins and weak ones from carbohydrates, while 
spectra with high carbohydrate contents yielded a compact 
cluster of dots with negative PC1 values, as was previously 
observed from comparison between immature and in vitro 
matured oocytes (Jimenez et al. 2019). The oocytes cultured 
during intermediate times yielded scores that correlate well 
with the PC2 variable, according to which samples rich in 
lipid are positive while those with a high protein content 
are located in the negative region of the PC2 coordinate 
(see Fig. 5B).

The ROC analysis allowed additional significant infer-
ences regarding the relative abundances in lipid and proteins 
that would be sufficient for the oocyte to be competent or 

Fig. 4   Decomposition analysis of the four representative-spectra in 
the 1700-1590 cm-1 region. The reconstructed band is superimposed 
on the original spectrum in order to show the level of fit attained. 
Component shaded in dark grey (1655 cm-1): ν C=C of unsaturated 

lipid chains. Components shaded in light grey: protein AmI mode 
(1692-1687 cm-1, turns; 1676-1673 cm-1, β-sheet, 1663-1666 cm-1, 
random coil; ~1649 cm-1, α-helix). Component not shaded, grey line 
(~1640 cm-1): AmI mode of N-acetylated carbohydrates
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mature enough to successfully carry out subsequent treat-
ments (Davidson et al. 2013). Based on the opposite spectral 
behavior of carbohydrates regarding those of lipids and pro-
teins, the carbohydrate-to-lipid and carbohydrate-to-protein 
ratios were estimated by using the intensities (P) of the peaks 
at 1037, 1300 and 1002 cm-1 in the second derivative of each 
average spectrum. Figure 6 shows the scores correspond-
ing to the P1037/P1300 and P1037/P1002 ratios calculated for 
each oocyte; the ratios obtained from the control groups (0H 
and 22H) yielded the cut-off points, P1037/P1300= 0.327 and 
P1037/P1002= 0.109, which provided the reference values to 
determine the biomarker contents in oocytes belonging to 
the 6H and 18H groups: scores below the cut-off points cor-
responded to oocytes with enough lipids or proteins abun-
dances to be considered mature.

The statistical analysis used demonstrated that 77% of the 
oocytes cultured for 6 hours had a P1037/P1300 ratio below 

0.327, while this population rose to 88% upon 18 hours of 
culture. In contrast, the P1037/P1002 relationship evidenced 
that protein accumulation followed a slower and more grad-
ual process since all oocytes cultured for 6 hours hardly 
showed an increase with respect to the basal content of this 
bio-component in an immature cytoplasm, whereas 53% of 
the oocytes cultured for 18 hours were able to cross the cut-
off point (Fig. 6B).

Discussion

The present work focuses on the biochemical characteri-
zation of the bovine oocyte cytoplasm at two intermedi-
ate levels of the maturation process by means of Raman 
microscopy. In order to track the chronological sequence of 
the main biochemical changes occurring in the cytoplasm, 

Fig. 5   A Comparison between 
the arithmetic mean of the 
peaks specific of lipids (1300 
and 1062 cm-1), proteins (1340 
and 1002 cm-1), and carbohy-
drates (1037 cm-1). The peak 
magnitudes were extracted 
from the second derivatives 
calculated for all the average-
spectra of the 0H, 6H, 18H, and 
22H groups (n=14; 13; 17; 14, 
respectively). B PCA scatter 
plot (PC1 vs PC2) applied to the 
1800-900 cm-1 spectral region; 
each dot represents the average-
spectrum of each oocyte
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the Raman spectra obtained were compared between them 
and with those of control groups for immature and in vitro 
matured oocytes. In spite of the complex constitution of 
the cell, several bands attributed to specific vibrations of 
lipids, proteins and carbohydrates were identified based 
on reported data for related biological systems. Statistical 
analyses performed on a few selected bands associated with 
exclusive vibrations of the above-mentioned bio-components 
supported the interpretations derived from the spectra and 
yielded valuable information concerning their global con-
tents at different maturational status.

The meticulous comparison of spectral profiles was car-
ried out considering two successive maturation times. The 
starting point of the spectral analysis relied on the previ-
ous spectral characterization of the cytoplasm of immature 
oocytes and of oocytes that completed the maturation time in 
vitro (22 hours), which was conclusive in terms of a marked 
increase in the lipid and protein contents and the lowered 
sugar content observed in in vitro mature oocytes compared 
to the immature ones (Jimenez et al. 2019). In concordance, 
the main spectral differences observed between the 0H 
and 6H groups evidence a remarkable increase in the lipid 
content that could be considered the dominant event that 
occurred during the first six hours of culture. Such incre-
ment includes an enhancement in the proportion of unsatu-
rated lipids, which is in line with published results obtained 
by FT-IR mapping of mouse oocytes that showed a higher 
content of unsaturated fatty acids in mature oocytes (Wood 
et al. 2008). The fast increment in this bio-component is 
justified by the increased number of cytoplasmic organelles, 
especially mitochondria, rich in phospholipids and mainly 
located in the periphery at this maturational stage, as well 
as of cortical granules and lipid droplets, with clustered 
distribution throughout the cytoplasm (Ferreira et al. 2009; 
Kruip et al. 1983; Niimura et al. 2004).. On the other hand, 

the overall intensity decrease in the sugar bands in the 6H 
representative spectrum can be related to the known glucose 
metabolic activity which, as reported, is already detectable 
from the first hour of bovine oocyte culture (Zuelke and 
Brackettt 1992).

The comparison between the 6H and 18H spectra shows 
the same trend observed between 0H and 6H in the sense 
that the lipid content increases as maturation progresses; 
the C-H stretching bands are forceful as they show the pre-
dominance of lipids over proteins (Fig. 2). Nevertheless, the 
magnitude of the spectral changes in the fingerprint region 
is less pronounced (Fig. 3). On the other hand, an increase 
in the cytoplasm protein content is expected during this 
maturation period, partly due to its participation in the for-
mation of the meiotic spindle (Ferreira et al. 2009; Sirard 
et al. 1989). However, the slight enhancement observed for 
several protein bands in the 18H spectrum (e.g., the com-
ponents assigned to the AmI mode, Fig. 4) were interpreted 
in terms of a conformational change of the proteins rather 
than in an increase in the total protein content; the spectral 
evidence suggests that there were no detectable alterations 
in the content of this bio-component in the outermost layers 
of the cytoplasm.

The drastic spectral differences observed between the 
18H and 22H groups lead to the conclusion that the main 
biochemical change during the last stage of the in vitro 
maturation process consists in the sharp increase in protein 
content. Its final abundance could even exceed the content of 
lipids, based on the relative intensities of specific bands such 
as those at 1343 and 1003 cm-1, which became stronger than 
the lipid signals at 1265 cm-1 (δC=CH) and between 1125-
1064 cm-1 (νC=C of acyl chains), see Table 1. On the other 
hand, the inferred decrease in the proportion of triglycerides 
from the almost disappearance of the signal at 1733 cm-1 is 
consistent with the role of this bio-component as an energy 

Fig. 6   ROC curves analysis applied to A the carbohydrate-to-lipid 
ratio, P1037/P1300, and B the carbohydrate-to-protein ratio, P1037/P1002, 
both calculated from the second derivative of the average-spectrum 
of each oocyte of the control groups (0H and 22H) and at intermedi-

ate maturation states (6H and 18H). The statistics cut-off points 0.388 
and 0.168 constitute the thresholds that determine the global content 
of lipids and proteins, respectively, necessary for an oocyte to be con-
sidered mature
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source in ATP synthesis, necessary for protein production 
and other biological processes (Kruip et al. 1983), and is in 
agreement with previous studies that demonstrated lower 
triglycerides content in in vitro matured bovine oocytes than 
in immature ones (Ferguson and Leese 1999, 2006; Kim 
et al. 2001; McEvoy et al. 2000).

The main events that constitute the cytoplasmic matu-
ration process, synthetically described as redistribution of 
cytoplasmic organelles, dynamics of the cytoskeletal fila-
ments and molecular maturation (Ferreira et al. 2009), were 
demonstrated to be concisely manifested in the Raman 
spectra through abrupt intensifications of signals specific of 
lipids and proteins that occurred at the early and final stages, 
respectively, of the maturation process. In addition, a pro-
gressive decrease in the carbohydrate bands was observed 
from the 6H spectrum onwards.

Statistical analysis supported spectral observations and 
provided additional interpretations from the behavior of spe-
cific vibration bands. Principal Component Analysis con-
firmed that almost all the oocytes belonging to the 6H group 
showed a marked dominancy of lipid contribution, whereas 
those in the 18H group showed larger variability in the three 
main bio-components. Oocytes belonging to the 22H group 
were well-characterized by the high lipids and proteins and 
low carbohydrates contents; the location of a few dots (22%) 
belonging to the 22H group at the negative region of the 
PC1 variable was consistent with the known fact that the in 
vitro maturation method is not totally reliable (Jimenez et al. 
2019; Rizo et al. 2016; Roldán-Olarte et al. 2017). Indeed, 
the analyses of the nuclear maturation by epifluorescence 
microscopy assays indicated that approximately 74% of the 
oocytes reach the MII stage at 22 hours of IVM. PCA analy-
ses also allowed concluding that the process of accumulation 
of proteins in the cytoplasm develops in a more gradual way 
than the increase in lipids, since only at 18 hours of culture 
did 50% of the oocytes reach the adequate protein content 
to be considered mature. In turn, the ROC curve analysis 
revealed that approximately 77% of the oocytes cultured for 
six hours exceeded the threshold indicative of the minimum 
lipid content in mature oocytes. However, since the evalu-
ation by nuclear staining of the 6H group evidenced that 
100% of the oocytes remained in the GV stage, we con-
cluded that the lipid bands are not suitable parameters to 
assess the maturational state of the oocyte. Conversely, the 
protein content estimation derived from the spectral data 
and the subsequent multivariate analysis are in fairly good 
concordance with the results here obtained by the evaluation 
of the nuclear maturation state as well as with those previ-
ously acquired by other approaches (Rizo et al. 2016; Giotto 
et al. 2015; Roldán-Olarte et al. 2017; Rahim et al. 2011; B. 
Wu et al. 1999). In this way, the protein content was veri-
fied to be essential for the determination of the maturation 
state of the oocyte, in agreement with what was proposed by 

Davidson et al. (2013). Finally, the carbohydrate-to-protein 
(P1037/P1002) ratio proved to be sensitive enough to deter-
mine the cytoplasmic maturation state of bovine oocytes and 
promises to be useful in future research aimed at optimizing 
culture conditions through the promotion of protein accumu-
lation in the ooplasm.

Conclusions

The Raman spectral analysis of the cytoplasm of bovine 
oocytes at two intermediate levels of the maturation process 
is presented and compared with control groups for immature 
and in vitro matured oocytes in order to track the chrono-
logical sequence of the main biochemical changes occurring 
along the process. Statistical analyses performed on a few 
selected bands associated with exclusive vibrations of pro-
teins, lipids or carbohydrates supported the interpretations 
derived from the spectra and yielded valuable information 
concerning the global contents of these bio-components at 
different maturational status. Specifically, the features at 
1300, 1002, and 1037 cm-1 demonstrated statistically sig-
nificant differences throughout the maturation process.

This work proves that Raman microscopy is a useful 
diagnostic tool for the adequate evaluation of the matura-
tion state of the oocyte and lays the foundations for future 
studies focused on the search for optimal culture media by 
monitoring the evolution of global lipid and protein contents 
in the cytoplasm of oocytes subjected to in vitro maturation.
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