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Abstract 

Non-invasive assessment of both oocyte and embryo quality is a major focus of research to 

improve pregnancy and live birth rates following in vitro fertilisation (IVF). The developmental 

potential of the oocyte and embryo are intimately linked to metabolism. Thus, diagnostic 

approaches that measure oocyte and embryo metabolism may improve IVF outcomes. 

Metabolic heterogeneity is known to exist between cells of the cumulus oocyte complex (COC) 

and the embryo. However, current approaches may fail to accurately predict oocyte and embryo 

quality as they measure metabolism of the entire COC or embryo, and do not provide spatial 

information. Label-free optical imaging of NAD(P)H and FAD, provides an overall indicator 

of metabolism via the optical redox ratio (ORR; FAD / [NAD(P)H + FAD]). Optical imaging 

of these metabolic co-factors occurs in the complete absence of exogenous tags. In this thesis, 

I investigated whether label-free optical imaging of cellular autofluorescence could detect 

metabolic changes associated with oocyte and embryo quality.  

I confirmed the robustness of label-free optical imaging to measure dynamic metabolic 

changes in the COC by comparing the ORR with oxygen consumption rate –– the benchmark 

methodology for the field. Additionally, my work demonstrated the ability of hyperspectral 

microscopy, a label-free optical imaging modality, to detect metabolic signatures in oocytes 

with poor developmental potential. I utilised hyperspectral microscopy due to its low power 

density (energy) requirements for imaging and expected absence of photodamage. This makes 

this form of microscopy compatible with future clinical implementation. 

Following demonstration that label-free optical imaging detected metabolic changes 

associated with oocyte quality, I next investigated whether hyperspectral microscopy could 

quantify metabolic variance associated with poor embryo quality, specifically, aneuploidy. 

Current methods for assessing embryo aneuploidy are invasive and do not provide an accurate 
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diagnosis for the presence or absence of aneuploid cells within foetal cell lineage: inner cell 

mass (ICM). My findings demonstrated that hyperspectral imaging detected significant 

metabolic differences between euploid and aneuploid cells. Importantly, mathematical 

algorithms applied to images acquired by hyperspectral microscopy, were able to discriminate 

between euploid and aneuploid ICM. I also assessed the safety of hyperspectral microscopy by 

comparing imaged and non-imaged embryos and showed that imaging did not impact embryo 

development, pregnancy rate or the weight of pups at weaning. Overall, my results demonstrate 

the potential for label-free optical imaging to be a safe and non-invasive diagnostic for embryo 

aneuploidy.  

As I had shown that label-free optical imaging of cellular autofluorescence could 

discriminate between euploid and aneuploid embryos, I next determined whether preservation 

of embryos impacted cellular autofluorescence, which could alter determination of ploidy status. 

Specifically, I investigated the impact of vitrification and fixation on autofluorescence as these 

techniques are commonly used in the clinic and for research purposes, respectively. My results 

showed that autofluorescence was impacted by vitrification and fixation. Therefore, caution is 

warranted when using preserved embryos to measure metabolic state and predict developmental 

potential.  

Collectively, these findings demonstrate that label-free optical imaging is a promising non-

invasive approach to measure metabolism and predict the developmental potential of oocytes 

and embryos. 
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Preface 
The first chapter of this thesis provides an overview of assisted reproductive technologies 

(ART), their utilisation and success rates. I also describe the current methodologies used to 

select viable oocytes and embryos and discuss the potential of optical imaging to detect 

developmental potential –– the premise of the study. Chapter 2 covers general materials and 

methods, including the catalogue numbers for general reagents and in-house media 

formulations. Chapter 3 validates whether optical imaging is a robust methodology to measure 

metabolism in the cumulus oocyte complex (COC) and determines whether label-free optical 

imaging can detect metabolic differences associated with oocyte quality. Following validation 

of label-free optical imaging in oocytes, Chapter 4 investigates whether this approach can be 

used to discern between euploid and aneuploid cells within the inner cell mass of the 

preimplantation embryo. In Chapter 5 I investigate whether preservation procedures, 

vitrification (used clinically) or paraformaldehyde-induced fixation (used in research), have an 

impact on the captured autofluorescence profile. Lastly, Chapter 6 provides an overall 

discussion of my work, including limitations and future directions. 

This thesis is written in the style of Thesis by Publication in accordance with “Specification 

for Thesis 2021” of the University of Adelaide. As such, experimental chapters (Chapter 3, 

Chapter 4 and Chapter 5) represent standalone manuscript submissions and contain some 

repetition of content (introduction and materials and methods sections), which cannot be 

avoided. Depending on the requirement of each journal, Chapter 3, Chapter 4 and Chapter 5 are 

presented in either American or English (UK) with different referencing styles. The remainder 

of the thesis is written in Australian English. 
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Chapter 1  

Introduction
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1.1 Background 

In recent years, the social trend of delayed child-bearing (pregnancy occurring in women 

35 years and older) is one of the growing reasons of subfertility (Adashi and Gutman, 2018, 

Johnson, et al., 2012). Advanced maternal age, along with increased incidence of lifestyle 

factors such as obesity and diabetes, have contributed to the statistic that one in six Australian 

couples have trouble conceiving (Chambers, et al., 2017). The use of assisted reproductive 

technologies (ART) as treatments for infertility are on the rise (Newman, et al., 2021). In 2019, 

88,929 ART cycles were initiated in Australia and New Zealand, from which only 16,310 led 

to a live delivery, equal to a success rate of 18.3% (Newman, et al., 2021). 

Since the first IVF baby was born more than 40 years ago, the field of ART has made 

substantial scientific advances, with the goal of maximising the chance of an uncomplicated 

pregnancy and birth of a healthy singleton baby. Developments include a move from 

conventional in vitro fertilisation (IVF) to intracytoplasmic sperm injection (ICSI) for male 

factor infertility (Zheng, et al., 2015) and in vitro maturation (IVM) for patients at risk of 

ovarian hyperstimulation syndrome or undergoing chemotherapy (Richani, et al., 2021). 

Additionally, utilisation of oocyte and embryo cryopreservation has become an important 

fertility preservation procedure for 1) patients undergoing cancer treatment and 2) patients who 

wish to bank oocytes/embryos for use later in life when age related decline in fertility may 

impede conception (Bosch, et al., 2020). Some clinics have moved to cryopreserve all embryos 

and transfer them on a cycle where the endometrium is not affected by the ovarian stimulation 

protocol (Bosch, et al., 2020). The utilisation of this so called “freeze all” protocol increased 

from 2015-2019 with a corresponding reduction in initiated cycles where fresh embryos are 

transferred (Table 1.1). It was thought that this “freeze all” approach would increase live birth 

rates from IVF, but this was not the case (Figure 1.1) (Newman, et al., 2021). Furthermore, 
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Table 1.1. Trends in ART cycles in Australia and New Zealand from 2015 to 2019: initiated 

cycles, freeze-all cycles and cycles where embryos were transferred fresh. The black outline 

highlights the increase in initiated cycles, while the blue outline indicates the decrease in the 

proportion of transfers using fresh embryos and the red outline highlights the increase in freeze-

all treatments. Table sourced from (Newman, et al., 2021). 

 

Figure 1.1. Increase in live birth rates resulting from freeze-thaw embryo transfers in Australia 

and New Zealand, 2015 to 2019. This figure is sourced from (Newman, et al., 2021)
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some clinics have moved towards routine single-embryo transfers due to the increased risks 

associated with multiple gestation pregnancies, including preterm birth (Platt, 2014), cerebral 

palsy (Sellier, et al., 2021) and infant death (Santana, et al., 2018).  

In addition to novel ART procedures, laboratory techniques for the handling and culturing 

of gametes and embryos have undergone continual improvement over the last 40 years 

(Niederberger, et al., 2018). These include maintaining air quality using high efficiency 

particulate air (HEPA) and carbon filters to reduce volatile organic compounds (Esteves and 

Bento, 2016), and the utilisation of devices to monitor pH, temperature, osmolarity and oxygen 

concentration; factors known to affect embryo development (Guo, et al., 2014, Swain, 2012).  

Despite these advances, the success rate per initiated cycle remains around 18% (Newman, 

et al., 2021). With the chance of pregnancy highly dependent on the developmental competence 

of the oocyte and embryo, the ability to identify gametes and embryos with the highest 

developmental potential is the focus of much research (Sanchez, et al., 2017). 

1.2 Assessment of oocyte developmental competence 

To date, much of the work has focused on finding methods to select the most competent 

embryo, while research on discovering biomarkers that discriminate between oocytes with low 

and high developmental potential has received far less attention. Oocyte developmental 

competence means the oocyte is able to resume meiosis, undergo fertilisation and 

preimplantation embryo development, implant and result in a healthy offspring (Collado-

Fernandez, et al., 2012). Importantly, the quality of the oocyte cannot be improved by altering 

laboratory practices, as it is determined prior to oocyte pick-up from the ovary. Therefore, 

oocyte quality is the first checkpoint for a successful pregnancy, and is important not only for 

fertilisation, but also for subsequent development (Gilchrist, et al., 2008).  
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Clinically, all morphologically normal oocytes are fertilised and selection is mainly focused 

on the embryo (Richani, et al., 2021). As developmental competency of an embryo is highly 

dependent on the oocyte it is derived from, selection of an oocyte with good developmental 

potential is likely to improve IVF success (Richani, et al., 2021). This then raises a challenge; 

do we have a clinically reliable and accurate diagnostic to select oocytes with good 

developmental potential?  

1.2.1 Morphology assessment 

The predominant method used in the clinic to assess oocyte quality is morphological 

inspection prior to fertilisation (Lasiene, et al., 2009, Van Soom, et al., 2003). Several reviews 

have been written to summarise potential morphological predictors of oocyte quality, which 

include assessments of cumulus expansion, zona pellucida, perivitelline space, polar body 

cytoplasm, and meiotic spindle analysis using polarisation microscopy (Ebner, et al., 2003, 

Lasiene, et al., 2009, Wang and Sun, 2007). However, morphological assessments are highly 

subjective and dependent on the skill of the embryologist (Gardner and Balaban, 2016). 

1.2.2 Potential biomarkers in follicular fluid, culture medium and cumulus 

cells 

There has been significant interest in finding potential biomarkers of oocyte developmental 

competence in follicular fluid, ‘spent’ culture medium and cumulus cells. Profiling of follicular 

fluid is a promising approach as the material is collected directly from the environment in which 

the oocyte developed and matured. Some of the potential biomarkers linked with oocyte quality 

include cytokines and growth factors such as granulocyte-colony stimulation factors, 

interleukins and growth differentiation factor-9 (Mendoza, et al., 2002). Additionally, 

proteomic (Ambekar, et al., 2013, Shen, et al., 2017) and metabolomic (O'Gorman, et al., 2013, 
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Wu, et al., 2007) analysis of follicular fluid showed correlations between metabolites and 

oocyte developmental competence. 

Analysis of IVM “spent medium” has been proposed as a potential predictor for oocyte 

competence, particularly fertilisation success. In a mouse model, developmentally competent 

oocytes that were subsequently fertilised demonstrated an increase in glucose consumption and 

lactate secretion, compared to those that did not fertilise (Preis, et al., 2005). In a separate study, 

the turnover of amino acids (alanine and glutamine) were significantly different between bovine 

oocytes those that failed to fertilise and those that subsequently developed to the blastocyst-

stage (Hemmings, et al., 2012). 

Cumulus cell gene expression, involved in cell signalling, homeostasis and metabolism was 

also proposed as a non-invasive viability marker (Fragouli, et al., 2012, McKenzie, et al., 2004). 

Similarly, in human cumulus cells, genes involved in metabolism and extracellular matrix 

formation were expressed at a significantly higher level when derived from an oocyte that 

resulted in a live birth (Gebhardt, et al., 2011). Taking a slightly different approach, multiple 

studies have shown that telomere length in cumulus cells was associated with oocyte quality. 

(Cheng, et al., 2013, Ozturk, et al., 2014). 

Despite the generation of a substantial body of research to develop potential predictors for 

oocyte developmental competence, these methods have not been routinely implemented. 

Perhaps this is due to the limitations of these approaches, which includes (1) confounding 

factors caused by varying clinical practice such as culture medium composition or clinical 

protocols (2) small sample size; and (3) cumulus cell and follicular markers may not be 

reflective of the oocyte itself. Therefore, development of a reliable, accurate and non-invasive 

tool to assess oocyte quality would be highly desirable. 
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1.3 Embryo assessment 

With well-demonstrated benefits of single embryo transfer (Gerris, 2009), it is paramount 

to have the ability to select an embryo that has high developmental potential to maximise the 

chance of achieving a successful pregnancy. However, assessment of embryo quality can be 

difficult. Currently there is no accurate method for measuring embryo developmental potential 

that predicts pregnancy success. Current assessment tools can be classified as either invasive or 

non-invasive. 

1.3.1 Invasive assessment: Preimplantation genetic testing using 

trophectoderm biopsy 

Preimplantation genetic testing for aneuploidy (PGT-A) is a widely implemented approach 

to assess embryo aneuploidy –– cells that do not have the expected number of chromosomes. 

This procedure involves a biopsy of trophectoderm (TE) cells from the blastocyst-stage embryo 

followed by sequencing (McCoy, 2017). This approach is accurate in some instances, providing 

significant improvement in embryo selection (Chen, et al., 2015, Dahdouh, et al., 2015a, 

Dahdouh, et al., 2015b). However, the incidence of embryo mosaicism is a challenge of PGT-

A (Capalbo, et al., 2017, Fragouli, et al., 2011, Franasiak and Scott, 2014, Huang, et al., 2019). 

This is because in some embryos the biopsy of TE cells is not an accurate diagnostic for the 

presence or absence of aneuploid cells in the inner cell mass (ICM; foetal cells) or the remainder 

of the TE (placental cell lineage) (Gleicher, et al., 2017). This can lead to either (1) false-

positive detection of aneuploidy and erroneous disposal of mosaic embryos that would have 

otherwise resulted in a healthy offspring, or (2) false-negative detection of aneuploidy which 

may result in implantation failure, pregnancy loss or foetal abnormality (Gleicher, et al., 2016, 

Macklon, et al., 2002). Additionally, biopsied embryos are associated with an three-fold 

increased risk of developing preeclampsia (Mastenbroek, et al., 2011): a pregnancy 
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complication with increased risk of morbidity and mortality for mother and foetus and an 

increased risk of cardiovascular disease later in life. With an increasing number of studies 

showing that mosaic embryos can result in a normal live birth (Bolton, et al., 2016, Kahraman, 

et al., 2020, Maxwell and Grifo, 2018), this raises concern over the accuracy and ability of cell 

biopsy to discriminate between mosaic embryos that are suitable for subsequent transfer (i.e. 

low proportion of aneuploid cells) and those that are unsuitable (i.e. high proportion of 

aneuploid cells) (Kushnir, et al., 2018, Victor, et al., 2019). Furthermore, a randomised clinical 

trial found that there was no improvement in the overall pregnancy outcomes following PGT-

A (Munne, et al., 2019).  

1.3.2 Non-invasive assessment: Preimplantation genetic testing using cell-

free DNA 

Recently, the use of cell-free DNA (cfDNA) released by embryos into “spent” culture 

medium has emerged as a potential tool to non-invasively diagnose for aneuploidy (Rubio, et 

al., 2019, Vera-Rodriguez, et al., 2018). This approach, termed “non-invasive preimplantation 

genetic testing for aneuploidy” (niPGT-A), is a clinically feasible and a non-invasive proxy of 

aneuploidy, with studies demonstrating high concordance rate with TE biopsy (Feichtinger, et 

al., 2017, Huang, et al., 2019). However, other studies show highly variable results which are 

thought to arise from differences in culture methods, embryo mosaicism (Xu, et al., 2016) and 

potential contamination of maternal DNA in the spent medium (Vera-Rodriguez, et al., 2018). 

Importantly, this technique assumes the cfDNA from “spent” medium originates from both 

ICM and TE (Kuznyetsov, et al., 2020), which has yet to be proven directly. Therefore, it is 

likely that this approach may lead to a higher rate of false-positive or false-negative results 

(Gleicher and Barad, 2019), and thus its application warrants caution. 
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1.3.3 Non-invasive assessment: Morphological analysis 

Morphological assessment using light microscopy remains the primary method to non-

invasively assess embryo quality, despite its limitation in being highly subjective (Gardner, et 

al., 2015). Time-lapse imaging allows for long-term observation and quantification of 

morphokinetics of individual embryos without the need to remove them from culture (Cruz, et 

al., 2011, Kovacs, 2014, Nakahara, et al., 2010). However, this technology is not able to predict  

the success rate of implantation and pregnancy following transfer, thus limiting its usefulness 

in the clinic (Goodman, et al., 2016, Kirkegaard, et al., 2013). 

1.3.4 Non-invasive assessment: Metabolomic assays 

The importance of cellular metabolism for embryo development and viability has been 

widely studied, including the pivotal role of glucose (Bowman and McLaren, 1970, Gardner, et 

al., 2001, Gardner and Leese, 1987, Sutton-McDowall, et al., 2010), correlation of adenosine 

triphosphate (ATP) with embryo viability (Quinn and Wales, 1973) and consumption of oxygen 

which is directly associated to ATP production via oxidative phosphorylation (Ottosen, et al., 

2007, Overstrom, et al., 1992). As cellular metabolism is essential for developmental 

competence, several metabolic assays have been investigated for their ability to detect embryo 

quality. These include proteomics (Katz-Jaffe, et al., 2006, Katz-Jaffe, et al., 2009), 

metabolomics (Botros, et al., 2008), oxygen consumption (Thompson, et al., 2016, Trimarchi, 

et al., 2000), amino acid turnover (Sturmey, et al., 2008), the uptake of pyruvate and glucose 

(Conaghan, et al., 1993, Gardner, et al., 2001, Gardner, et al., 2011, Lane and Gardner, 2000) 

and lactate production (Lane and Gardner, 1996). Although all these approaches are good at 

predicting development to the blastocyst-stage, they are not accurate in predicting pregnancy 

outcome. Additionally, implementation of these techniques in the clinic are challenging due to 

varying practices.  
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Taken together, there remains a need for an assessment tool that is non-invasive and an 

accurate predictor of implantation and pregnancy success. Cellular metabolism is a key 

determinant for developmental potential, however current technologies fail to provide 

measurements in a spatial manner. This is important due to the known heterogeneity that exist 

between cells and within cells lineages of embryos (Brison, et al., 2014) 

1.4 Metabolism in oocytes and embryos 

The metabolism of the early embryo is highly oxidative up until the pre-compaction stage 

when it shifts to glycolysis for compaction and blastulation (Harvey, et al., 2002). Substrates 

for mammalian oocyte and embryo metabolism primarily come from the surrounding 

environment (in vivo or in vitro culture) which includes glucose, pyruvate, lactate and 

glutamine. Both oocytes and embryos regulate their metabolism during development, with a 

vital organelle for this being mitochondria. 

1.4.1 Mitochondria 

Mitochondria play a multifaceted role in supporting the development of the mammalian oocyte 

and embryo. They are membrane-bound organelles present in almost all eukaryotic cells. The 

mitochondria in mammalian oocytes are different from the typical structure found in somatic 

cells in that they are more spherical and contain fewer, irregular cristae. Therefore, the 

mitochondria found in oocytes are less efficient at producing ATP compared to somatic cell 

mitochondria (Figure 1.2) (Bentov, et al., 2011). As such, mature oocytes contain the largest 

number of mitochondria (~ 100,000) (May-Panloup, et al., 2005), far more than sperm (~ 50-

75) (Hirata, et al., 2002) or somatic cells (~ 80-2000) (Cole, 2016) to meet their energy 

requirements. Importantly, the number of mitochondria within an oocyte is one of the important 

factors for oocyte and subsequent embryo quality. This is because they are maternally inherited 

organelles, and the early stages of embryo development are entirely dependent on the starting  
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Figure 1.2 Structure of mitochondria within the mammalian oocyte. Mitochondria are 

double membrane-bound organelles and the powerhouse for energy production in the form of 

ATP. Unlike typical somatic cell mitochondria, the mitochondria within mammalian oocytes 

and early embryos exhibit a more spherical morphology and contain fewer, irregular cristae. 

The cristae are where oxidative phosphorylation and ATP production takes place. The space 

within the inner membrane of the mitochondria is the matrix, which is rich in enzymes that 

drive the tricarboxylic cycle and fatty acid oxidation. Figure generated using BioRender
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pool of mitochondria from the oocyte until the blastocyst-stage embryo (van der Reest, et al., 

2021). Mitochondrial dysfunction has been associated with fertilisation failure (Santos, et al., 

2006), abnormal embryo development (Ge, et al., 2012), implantation failure (Wai, et al., 2010) 

and increased incidence of aneuploidy (Fragouli, et al., 2015).  

The primary function of mitochondria is to generate ATP through oxidative 

phosphorylation, which is supported by the tricarboxylic acid (TCA) cycle. The TCA cycle 

generates electron carriers: reduced nicotinamide adenine dinucleotide (NADH) and reduced 

flavin adenine dinucleotide (FADH2), mainly from catabolism of glucose and fatty acids (May-

Panloup, et al., 2021). Oxidative phosphorylation involves five large multi-enzymatic 

complexes embedded within the cristae of the inner mitochondrial membrane. The electron 

transport chain (ETC) functions by the transfer of electrons using dedicated electron carriers 

along the mitochondrial membrane, while pumping protons into the intermembrane space, 

giving rise to the mitochondrial membrane potential (van der Reest, et al., 2021). The proton 

gradient generated by the transfer of electrons across the ETC is ultimately used to power the 

synthesis of ATP from ADP by the ATP synthase (May-Panloup, et al., 2021).The ratio of 

reduced to oxidised electron donors (NADH/NAD+ and FADH2/FAD) in the mitochondrial 

matrix space forms an effective measurement of overall metabolic activity– the redox ratio 

(Dumollard, et al., 2009, Skala and Ramanujam, 2010).  

1.4.2 Metabolism in mammalian oocytes: a requirement for oocyte 

developmental competence 

During maturation, oocytes exhibit a high energy demand required for a series of nuclear 

and cytoplasmic changes. The mammalian oocyte and surrounding cumulus cells communicate 

bi-directionally (Eppig, 2001). These two cell types are connected by gap junctions (Anderson 

and Albertini, 1976), forming the cumulus oocyte complex (COC). Substrate utilisation, 
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especially glucose and fatty acids, provide the oocyte with sufficient ATP to attain 

developmental competence (Dunning, et al., 2011, Sutton-McDowall, et al., 2010).  

Glucose is one of the key substrates for the COC to generate ATP. The oocyte itself has a low 

capacity for glucose metabolism due to the lack of phosphofructokinase activity (Dumesic, et 

al., 2015). The highly glycolytic cumulus cells therefore play an important role in metabolising 

glucose to pyruvate, which is then supplied via gap junctions to the oocyte for ATP production. 

(Biggers, et al., 1967, Dumesic, et al., 2015, Sutton-McDowall, et al., 2010, Yeo, et al., 2009). 

Pyruvate is converted into acetyl coenzyme A (Acetyl-CoA) in the oocyte mitochondria, which 

enters the TCA cycle (Figure 1.3) and electron transport chain (ETC) to produce ATP (Figure 

1.4). Concurrently, the oocyte ensures its own supply of pyruvate by up-regulating glycolytic 

genes in cumulus cells via secretion of growth differentiation factor - 9 (Gilchrist, et al., 2008, 

Sugiura, et al., 2007). A small portion of glucose is metabolised by the pentose phosphate 

pathway in cumulus cells (Sutton-McDowall, et al., 2010), which involves the conversion of 

glucose-6-phosphate dehydrogenase (generated from glucose) to ribose 5 phosphate, producing 

NADPH. The molecule NADPH is important for the biosynthesis of fatty acids and nucleotides, 

and for maintaining the balance between reduced and oxidised glutathione, which acts as an 

antioxidant against reactive oxygen species (ROS) (Gutnisky, et al., 2014).  

In recent years, the importance of lipid metabolism, specifically fatty acid- or β-oxidation, 

for oocyte developmental potential has been shown (Dunning, et al., 2010, Ferguson and Leese, 

2006, Sturmey, et al., 2006). Activated fatty acids (fatty acyl-CoA) are transported into 

mitochondria by the carnitine palmitoyl transferase 1. Fatty acyl-CoA is then metabolised via 

β-oxidation in the mitochondria matrix and enters the TCA cycle to generate NADH and 

FADH2 (Dunning, et al., 2010). During ovulation, the maturing COC increases the use of energy 

from lipid metabolism, as metabolism of fatty acids has the capacity to produce 106 ATP, which 

is 3.5-fold more than glucose (Dunning, et al., 2014, Valsangkar and Downs, 2013). As the 
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Figure 1.3. The tricarboxylic acid cycle. The tricarboxylic acid (TCA) cycle, also known as 

the Krebs cycle, is a series of chemical reactions which include redox, dehydration, hydration, 

condensation and decarboxylation, all happen within the mitochondria matrix. The cycle starts 

with two-carbon (2C) acetyl-CoA combining with the four-carbon (4C) oxaloacetate to form a 

six-carbon (6C) citrate. Citrate is then oxidised by isocitrate dehydrogenase and α-ketoglutarate 

dehydrogenase to a five-carbon (5C) α-ketoglutarate and four-carbon (4C) succinyl CoA 

respectively, producing two molecules of CO2 and two molecules of NADH. ATP is then 

generated during the conversion of succinyl CoA to four carbon (4C) succinate by succinyl-

CoA synthetase. Following this, dehydration takes place where the succinate dehydrogenase 

converts succinate to four-carbon (4C) fumarate, two hydrogen atoms were then transferred to 

FAD to produce FADH2.  Hydration of fumarate produces four-carbon (4C) malate, which then 

undergoes oxidation to produce another molecule of NADH and oxaloacetate. The final 

products of a TCA cycle are three molecules of NADH, 1 molecule of FADH2, one molecule 

of ATP and two molecules of CO2. Figure generated using BioRender. 
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Figure 1.4 The electron transport chain. The electron transport chain (ETC) consists of five 

protein complexes embedded within the inner mitochondria membrane. The electron carriers 

(NADH and FADH2) produced from TCA cycle are used to fuel the ETC by transporting 

electrons along the complexes and pump proton ions (H+) into the intermembrane space. 

Complex I (NADH dehydrogenase) accepts electrons from NADH, and passes them to co-

factor ubiquinone Q (CoQ). At the same time, 4 hydrogen ions will be pumped into the 

intermembrane space. Complex II (succinate dehydrogenase) accepts electrons from FADH2, 

and passes them to CoQ. Ubiquinone Q passes these electrons to complex III (cytochrome C 

dehydrogenase) which also pumps 4 hydrogen ions from the matrix into the intermembrane 

space. Two electrons are the passed to complex IV, a cytochrome C reductase, which will bind 

to oxygen and hydrogen ions to form a water molecule (H2O). The hydrogen ions pumped from 

the matrix to the intermembrane space forming a proton gradient which powers ATP synthase 

to pump hydrogen ions back to the matrix and form ATP from ADP. Figure generated using 

BioRender. 
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metabolism of fatty acids and glucose are crucial for oocyte development, it is important to 

maintain balanced energy homeostasis within oocytes and cumulus cells, which further 

supports subsequent embryo development (Blacker and Duchen, 2016, Dumollard, et al., 2007).  

1.4.3 Metabolism in the mammalian embryo: a requirement for embryo 

developmental competence 

The “quiet embryo hypothesis” proposed by Leese states that early embryo viability is best 

achieved by a relatively low level of metabolism (Leese, 2002). The cleavage-stage embryo is 

primarily reliant on oxidative phosphorylation and is relatively quiescent in terms of oxygen 

consumption (Leese, 2012). For this reason, oxygen consumption rate is thought to be a good 

indicator of metabolic activity. During this period of development, the dominant substrate 

consumed by embryos is pyruvate, either from glycolysis or directly from the surrounding 

environment. Another fate of pyruvate is oxidisation in the TCA cycle to produce electron 

carriers for the ETC, which occurs in the matrix of mitochondria where its efficiency is 

determined by the oxygen consumption (Rieger, 1992). During compaction and blastulation, 

there will be a rise in glucose consumption, even in the presence of oxygen. This metabolic 

adaptation is known as the ‘Warburg effect’ which supports rapid cell proliferation (Krisher 

and Prather, 2012). One of the hallmarks of this pathway is that pyruvate is no longer 

metabolised by the TCA and ETC, but instead metabolised to lactate, resulting in an increased 

shift to the glycolytic pathway. Albeit not an efficient pathway to produce ATP, it was proposed 

that this switch was due other requirements beyond ATP production from glucose, such as the 

need to generate DNA, proteins and fatty acids (Krisher and Prather, 2012). Despite being 

highly glycolytic, the oxygen consumption rate still rises during blastulation (Houghton, et al., 

1996, Thompson, et al., 1996). This is because the TE cells are still reliant on oxidative 

phosphorylation with high oxygen consumption, whereas the ICM is highly glycolytic 

(Houghton, 2006). The increase in glucose demand and oxygen consumption for blastocyst 
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formation exhibits an active metabolism, as opposed to the “quiet embryo hypothesis”. In 

response to this, the “Goldilocks principle” was proposed, whereby embryos with high 

developmental potential will have an optimal range of metabolic activity (Leese, et al., 2016). 

1.5 Metabolic co-factors: NAD(P)H and FAD 

In the 1950s, Britton Chance first discovered and began to characterise the naturally 

fluorescent metabolic coenzymes: NADH and FAD, and associated these molecules with 

cellular metabolism (Chance, 1952, Chance, et al., 1962). His research started in isolated cells 

(Chance, et al., 1964, Scholz, et al., 1969), and subsequently explored the potential of these 

molecules as reliable indicators of cell metabolism in other tissues such as the liver (Ji, et al., 

1979, Quistorff and Chance, 1986), bladder and brain (Chance, et al., 1962). In mitochondria, 

NADH and FAD are directly involved in the production of ATP through oxidative 

phosphorylation (Figure 1.4). These metabolic co-factors exist either in the oxidised (NAD+, 

NADP+, FAD) or reduced (NADH, NADPH and FADH2) state. Among these, only NADH, 

NADPH and FAD are autofluorescent. Therefore, quantifying the fluorescence intensity of 

these molecules has been used to identify the metabolic changes in living cells or tissues. The 

autofluorescence of these coenzymes (both bound and free) can be detected using specific 

excitation and emission bands (Table 1.2) (Georgakoudi and Quinn, 2012, Kolenc and Quinn, 

2019). It is important to note that NADH and NADPH have near identical spectral properties, 

generally excited at 335 nm – 350 nm and emitted at 440 nm – 460 nm and are therefore 

collectively referred as NAD(P)H. On the other hand, FAD is excited at 450 nm and reaches 

peak emission at approximately 520 nm. To understand the connection between redox state and 

metabolism, it is important to understand the roles of NADH and FAD in oxidative 

phosphorylation. 
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Metabolic 

Coenzymes 

Peak 

single-photon 

excitation 

wavelength 

(nm) 

Peak 

two-photon 

excitation 

wavelength 

(nm) 

Peak 

single-photon 

emission 

wavelength 

(nm) 

Peak 

two-photon 

emission 

wavelength 

(nm) 

NADH (bound) 335 – 350 690 – 730 440 – 450 440 – 450 

NADH (free) 335 – 350 690 – 730 450 – 470 450 – 460 

NADPH 335 – 350 690 – 730 450 – 470 450 – 460 

FAD (bound) 365, 455 700 – 730 515 – 525 515 – 525 

FAD (free) 375, 450 700 – 730 515 – 525 515 – 525 

Table 1.2. Excitation and emission of endogenous fluorophores. Data sourced from 

(Georgakoudi and Quinn, 2012, Kolenc and Quinn, 2019) 

1.5.1 Roles of NADH and FAD in oxidative phosphorylation 

During cellular metabolism, substrates such as glucose and fatty acids are broken down to 

produce ATP. During glycolysis, a glucose molecule is catabolised to pyruvate, producing ATP 

and reducing NAD+ to NADH. Following glycolysis, pyruvate is shuttled into the mitochondria 

and broken down to acetyl – CoA by pyruvate dehydrogenase. Acetyl-CoA will then enter the 

TCA cycle, which begins to break down carbon-based molecules to CO2, producing electron 

carriers: NADH and FADH2 (Figure 1.3). During oxidative phosphorylation, TCA cycle 

generated NADH and FADH2 revert back to their oxidised form in the ETC - NAD+ and FAD 

by the enzyme complexes I (NADH dehydrogenase) and II (succinate dehydrogenase), 

respectively (Figure 1.4). Electrons are passed to coenzyme Q and complex III (cytochrome c 

reductase). The ultimate fate of these electrons is the conversion of oxygen to water at complex 

IV (cytochrome c oxidase). Simultaneously, proton ions are pumped into the intermembrane 

space of the mitochondria by complex I, III and IV. This creates a proton gradient, which is 

used to power ATP synthase to produce ATP (Osellame, et al., 2012). 
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The ratio of reduced to oxidised electron carriers indicates the metabolic state of cells that 

primarily rely on oxidative phosphorylation. As mentioned earlier, only NAD(P)H and FAD 

are naturally fluorescent molecules, thus, the ratio of FAD / (FAD + NAD(P)H), can be utilised 

to measure the cell redox state (referred to as optical redox ratio; ORR) (Chance, et al., 1979). 

During oxidative phosphorylation, the autofluorescence of NADH decreases when oxidised to 

non-fluorescent NAD+ (at complex I), while the autofluorescence of FAD increases due to 

oxidation of FADH2 (at complex II), resulting in a higher ORR, indicative of increased ATP 

production (Georgakoudi and Quinn, 2012). On the other hand, the ORR will decrease in the 

event of hypoxia or the need to increase glycolysis despite the presence of oxygen (Warburg 

effect), as commonly observed in cancer cells or cells undergoing high proliferation in response 

to disease or injury (Liberti and Locasale, 2016). It is important to acknowledge that not all 

NADH fluorescence is associated with the bound state in oxidative phosphorylation, but can 

also be contributed from bound- and free-NADPH and free-NADH found in the cytoplasm 

(Blacker and Duchen, 2016). The same is true for FAD; although the majority of FAD is found 

within the mitochondria and associated with oxidative phosphorylation, a small fraction of FAD 

fluorescence can be either attributed to electron transfer flavoproteins during the fatty acid 

oxidation or reduced by dithionite which is not related to cellular metabolism (Kunz and Kunz, 

1985) 

1.6 Autofluorescence: Label-free optical imaging to measure 

cellular metabolism  

Autofluorescence within cells is commonly perceived as a interfering factor due to the 

impact on contrast when using a fluorescently labelled probe (Staikopoulos, et al., 2016). 

However, a wide range of endogenous fluorophores that are integral to cellular function such 

as lipids, vitamins and amino acids have been identified as naturally fluorescent (Andersson, et 

al., 1998, Croce and Bottiroli, 2014). With advancements in microscopies and the ability to 
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capture high-resolution images, autofluorescence recorded by optical imaging is able to 

measure the inner biochemistry of cells. Thus, this presents an opportunity for a non-invasive 

measurement that can directly measure the cellular metabolism of an individual oocyte/embryo, 

and potentially determine their developmental potential. As NADH and FAD are directly 

associated with mitochondrial activity (Blacker and Duchen, 2016), both have been utilised to 

monitor the metabolic changes of oocytes and embryos without the need of any exogenous tags 

(Dumollard, et al., 2004, Dumollard, et al., 2007, Nohales-Córcoles, et al., 2016, Sutton-

McDowall, et al., 2012, Sutton-McDowall, et al., 2015). Importantly, optical imaging has the 

capacity to capture the dynamic and heterogenic aspects of metabolic differences that exist 

between cells of the COC and cells of the embryo (Brison, et al., 2014, Denisenko, et al., 2005, 

Dumollard, et al., 2004, Dumollard, et al., 2007, Sutton-McDowall, et al., 2015). To achieve 

this, various optical imaging approach have been proposed, including standard fluorescence 

microscopy, Raman spectroscopy, laser scanning confocal microscopy and hyperspectral 

microscopy. Although optical imaging is deemed as non-invasive for living cells or tissues, this 

cannot be assumed to be the case for oocytes and embryos. This is because mammalian oocytes 

and embryos are sensitive to light exposure (Takenaka, et al., 2007), therefore the safety of any 

imaging modality must be assessed in detail. 

1.6.1 Standard fluorescence microscopy 

Early fluorescence work by Chance was not focused on providing a non-invasive 

assessment tool, therefore the general localisation of NAD(P)H fluorescence intensity within 

living cells was initially measured using a fluorimeter (Chance and Thorell, 1959). This was 

followed by the development of the Chance Redox Scanner which allowed the capture of 

images (Quistorff, et al., 1985). Two-photon excited fluorescence (TPEF) microscopy has 

emerged as another imaging tool to assess metabolic activity and cellular responses. In TPEF 

microscopy, molecules are excited through the simultaneous absorptions of two near-infrared 
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photons with half the energy and double the wavelength (Quinn, et al., 2013). This allows for 

imaging at higher penetration depths and reduces potential photodamage in the out-of-focus 

regions (Georgakoudi and Quinn, 2012). However, longer wavelengths are not ideal for high 

resolution three-dimensional (3D) imaging (Swoger, et al., 2014).  

1.6.2 Raman spectroscopy 

Raman spectroscopy is a label-free imaging method based on inelastic scattering of 

monochromatic light, allowing direct evaluation of organelle structures and molecular 

biochemical processes inside living cells (Windom and Hahn, 2013). With the well-developed 

knowledge that metabolism is linked to oocyte and embryo quality, Raman spectroscopy was 

proposed as a non-invasive method to investigate the correlation between metabolomic profile 

and embryo quality, as well as an indication of developmental potential and pregnancy 

outcomes (Perevedentseva, et al., 2019, Scott, et al., 2008, Seli, et al., 2007). Raman 

spectroscopy was also employed to study lipid metabolism by quantifying lipid content of 

mouse oocytes and early embryos (Bradley, et al., 2016). However, a drawback of this approach 

is the use of lasers (Yakubovskaya, et al., 2019), which potentially have downstream impacts 

on embryo development depending on the laser wavelength and dose of laser radiation. A single 

study by Perevedentseva et al. demonstrated that although the development rate from 2-cell to 

blastocyst-stage was not impacted in mouse embryos, the cell number of blastocysts was 

significantly reduced in the Raman-imaged group compared to control (Perevedentseva, et al., 

2019).  

1.6.3 Laser scanning confocal microscopy 

Confocal microscopy has become a standard imaging modality for biological applications 

when requiring 3D images. Laser scanning confocal microscopy operates by focal point 

illumination with a high-power laser. The “confocal pinhole” is an aperture placed in front of 
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the detector to reject any out-of-focus light and allow images to be taken at different depths 

(Blacker and Duchen, 2016). This allows for image acquisition of high-resolution subcellular 

structures and provides detailed localisation of molecules of interest. This imaging approach 

was utilised widely to investigate a range of developmental processes in different cell types 

such as epithelial and endothelial cells in the cornea (Masters, et al., 1993), lung tissue 

(Erokhina, et al., 2019), plant cells (Roshchina, 2012) and embryonic cells (Heppert, et al., 

2016). Traditionally, most of the studies that employ confocal microscopy use an exogenous 

tag or molecular probe to monitor cellular processes and biochemistry within the cells (Johnson, 

2010), such as DAPI for nucleus, Mitotracker for mitochondria and MitosoxTM for superoxide 

and antibodies. There is increasing interest in using confocal microscopy to capture metabolic 

cofactors, NAD(P)H and FAD, in oocytes and embryos (Dumollard, et al., 2004, Dumollard, et 

al., 2007, Santos Monteiro, et al., 2021, Sutton-McDowall, et al., 2017, Sutton-McDowall, et 

al., 2016). Despite the promising results from these studies, a pitfall of this approach is the use 

of lasers which makes it difficult for clinical implementation due to the high probability of 

photodamage.  

1.6.4 Hyperspectral microscopy 

A promising imaging modality with capacity to capture cellular autofluorescence in the 

oocyte and embryo is hyperspectral microscopy. This form of imaging employs multiple light-

emitting diodes of varying excitation and emission wavelengths to record autofluorescent 

signatures. This broad-spectrum approach (excitation from 340 nm to 750 nm) allows for the 

detection of a range of endogenous fluorophores, not limited to NAD(P)H and FAD, thereby 

providing insight into the metabolism and content of a cell (Gosnell, et al., 2016a). 

Hyperspectral imaging can detect subtle differences in metabolic signatures between disease 

and healthy states: pancreatic cancer cells (Gosnell, et al., 2016a); olfactory cells (Gosnell, et 

al., 2016b); and articular cartilage tissue (Mahbub, et al., 2019). In the field of reproductive 
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biology, hyperspectral microscopy demonstrated the capacity to discern between good and poor 

quality bovine embryos (Santos Monteiro, et al., 2021, Sutton-McDowall, et al., 2017) and 

oocytes denuded of cumulus cells from young and aged mice (Bertoldo, et al., 2020). 

Additionally, mathematical algorithms applied to autofluorescence signals obtained from 

hyperspectral imaging were able to discriminate between different cell populations (Gosnell, et 

al., 2016a, Habibalahi, et al., 2019, Mahbub, et al., 2021, Sutton-McDowall, et al., 2017, Tan, 

et al., 2021). With the ability to capture metabolic heterogeneity between cells within an embryo 

and between compartments of a COC (cumulus cells vs the oocyte), hyperspectral microscopy 

may be a potential non-invasive approach to detect metabolic changes associated with oocyte 

and embryo quality.  

1.7 Conclusion 

Existing selection methods for the embryo are accurate in predicting in vitro outcomes 

(development to the blastocyst-stage), but are limited in that they do not predict pregnancy 

success. Therefore, there is a need to develop a viability assessment tool that is accurate, non-

invasive and importantly, predicts pregnancy success and live birth. Considering the importance 

of metabolism in determining oocyte and embryo developmental potential and the limitations 

of current methods in failing to detect metabolic heterogeneity, label-free optical imaging of 

endogenous fluorophores may be a promising tool for measuring developmental competence. 
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1.8 Summary and general hypothesis  

Despite its wide-spread use, the success rate of ART is less than 20% (Newman, et al., 

2021). In IVF clinics, the ultimate goal is to select an embryo for transfer that has the highest 

developmental capacity, resulting in the delivery of a healthy baby. Over several decades, the 

importance of metabolism in determining oocyte and embryo quality has been studied 

extensively and proposed as a non-invasive marker of developmental competence (Dumesic, et 

al., 2015, Richani, et al., 2021). However, current metabolic assays are limited as they fail to 

provide spatial information on the different cellular compartments of the COC and different 

cell lineages within the preimplantation embryo. Label-free optical imaging of NAD(P)H and 

FAD provides an overall indication of metabolism within a cell by calculating the ORR. The 

ORR has been widely used to study dynamic metabolic changes in many cell types since its 

first discovery in the 1950s (Chance and Thorell, 1959). The advantages of label-free optical 

imaging for measuring cell metabolism are (1) the capacity to do real-time measurements, (2) 

provide spatial information between and within cell populations, and (3) maintain viability of 

cells. Therefore, I hypothesise that label-free optical imaging is able to detect metabolic changes 

associated with oocyte and embryo quality. 

1.8.1 Specific hypotheses and aims  

Hypothesis 1: Label-free optical imaging is a robust measurement that can detect metabolic 

changes associated with oocyte quality. 

Aims to address this hypothesis: 

• Determine whether label-free optical imaging is a robust tool for measuring metabolism in 

the COC by comparing the optical redox ratio with oxygen consumption rate. 
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• Determine whether label-free optical imaging can detect metabolic differences in a model 

of poor oocyte quality. 

• Demonstrate the potential for clinical implementation by confirming metabolic changes 

associated with oocyte quality using an imaging modality with low power density (energy) 

requirements.  

Hypothesis 2: Label-free optical imaging is able to quantify metabolic variance associated with 

embryo quality. 

Aims to address this hypothesis: 

• Determine whether label-free optical imaging can detect metabolic variance within the 

foetal cell lineage of blastocyst-stage embryos that are confirmed aneuploid. 

• Determine whether mathematical algorithms applied to images acquired by hyperspectral 

microscopy can discriminate between euploid and aneuploid inner cell mass. 

• Determine the safety of hyperspectral microscopy on subsequent embryo and offspring 

development.  

Hypothesis 3: Routinely used preservation procedures have an impact on the cellular 

autofluorescence. 

Aims to address the hypothesis: 

• Evaluate whether paraformaldehyde-fixation of 8-cell and blastocyst-stage embryos has an 

impact on the metabolic state measured by label-free optical imaging. 

• Determine whether clinically performed vitrification of 8-cell and blastocyst-stage 

embryos alters the metabolic state measured by label-free optical imaging. 
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Chapter 2  

Materials and methods 
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2.1 Materials 

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless stated 

otherwise. 

2.1.1 Hormones 

Folligon equine chorionic gonadotrophin (eCG) was purchased from Pacific Vet Pty Ltd 

(Cat #FOLLIG5000; Braeside, VIC, Australia). Pregnyl human chorionic gonadotrophin (hCG) 

was purchased from Merck (Cat #AUSTR14518; Kilsyth, VIC, Australia). Recombinant human 

follicle-stimulating hormone (rhFSH) was purchased from Los Angeles Biomedical Research 

Institute (Cat #605345-28-05; LA, USA). 

2.1.2 Media and supplements 

All gamete and embryo culture took place in media overlaid with paraffin viscous oil (Cat# 

1.07160.2500; Merck Group, Darmstadt, Germany) in a humidified atmosphere of 5 % O2, 6 % 

CO2 with a balance of N2 at 37 ˚C. All media were filtered through a 0.22 μM acrocap filter 

(Cat #SLGP033RS, Millex, Merck, NJ, USA) and pre-equilibrated for at least 4 h prior to use. 

Handling medium or Research Wash Medium was warmed in 14 ml Falcon round bottom 

polystyrene tubes (Cat #Fal352057, In Vitro Technologies, VIC, Australia) with caps closed 

for at least 15 min on a 37°C heating block before use. The base medium used for mouse ovary 

collection, handling and IVM was phenol red-free Minimum Essential Medium Eagle (MEM-

E). The company details and catalogue numbers for buffers and supplements can be found in 

Table 2.1. For collection of immature cumulus oocyte complex (COC), ovaries were collected 

in handling medium consisting of MEM-E medium supplemented with 6 mM NaHCO3, 50 

mg/L gentamicin sulfate, 10mM HEPES, 2 mM glutamax (Gibco by Life Technologies, CA, 

USA) and 3 mg/ml low fatty acid bovine serum albumin (BSA, MP Biomedicals, Albumin NZ, 

Auckland, NZ) or 5% FCS as stated in the experimental chapters. The culture medium for IVM 
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was MEM-E supplemented with 26 mM NaHCO3, 50 mg/L gentamicin sulfate, 2 mM glutamax, 

5% (v/v) FCS, 50 mIU/ml of recombinant human follicle-stimulating hormone (rhFSH) and 3 

ng/ml epidermal growth factor (EGF), hereafter referred to as “IVM medium”.  

Female oviducts and male epididymis and vas deferens were collected in Research Wash 

Medium (ART Lab Solutions, SA, Australia) supplemented with 4 mg/ml of low fatty acid 

BSA. Research Fertilisation and Cleave Medium (ART Lab Solutions, SA, Australia), were 

both supplemented with 4 mg/ml of low fatty acid BSA and used for in vitro fertilisation (IVF) 

and embryo culture, respectively 

2.2 Methods 

2.2.1 Animals and ethics 

Female (21-23 days old; 8.5 g – 10.5 g) and male (6-8 weeks old) CBA x C57BL/6 first 

filial (F1) generation (CBAF1) mice were obtained from Laboratory Animal Services (LAS; 

University of Adelaide, SA, Australia) and maintained on a 12 h light:12 h dark cycle with 

rodent chow and water provided ad libitum. All experiments were approved by the University 

of Adelaide’s Animal Ethics Committee and were conducted in accordance with the Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes. Ethics approval for 

the study was obtained from the University of Adelaide Animal Ethics Committee (M-2018-

021 and M-2019-052). 

2.2.2 Mouse ovarian stimulation and COC isolation  

For isolation of all cell types, mice were first injected subcutaneously with 5 IU eCG. 

Disinfected tools were used for ovary dissection and cell isolation. All cell handling procedures 

were performed on microscopes fitted with warming stages calibrated to maintain the media in 

dishes at 37°C. 
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2.2.2.1 In vitro maturation (IVM) of COCs 

For IVM, culture media drops were prepared in 60mm Falcon culture dishes (Cat 

#Fal351007, In Vitro Technologies, VIC, Australia) at a density of 20 COCs per 100 µl of IVM 

culture medium overlaid with paraffin viscous oil. Dishes were pre-equilibrated for at least 4 h 

in 20 % O2, 6 % CO2 with a balance of N2 at 37 ˚C. At 46 h post-eCG injection, mice were 

culled by cervical dislocation and dissected ovaries collected in the warmed handling medium 

for COC isolation. The COCs were isolated from ovaries by puncturing antral follicles in 

handling medium with 29-gauge x ½ in. insulin syringe with needle (Cat #SS*10M2913KA, 

Terumo Australia Pty Ltd, NSW, Australia). Following IVM, COCs were washed twice and 

either allocated for imaging (two-channel scanning confocal microscopy or hyperspectral 

microscopy) or fertilized in vitro. 

2.2.2.2 Isolation of in vivo matured COCs  

Female mice were administered subcutaneously with 5 IU hCG at 46 h post-eCG. Mice 

were culled by cervical dislocation 14 h post-hCG administration and oviducts isolated. 

Ovulated COCs were harvested by gently puncturing the swollen ampulla using a 29-gauge x 

½ inch insulin syringe with needle.   

2.2.2.3 Sperm Capacitation 

Male mice with proven fertility were culled by cervical dislocation 1 hour prior to in vitro 

fertilisation (IVF). The epididymis and vas deferens were isolated in Research Wash Medium 

to remove excess fat and tissue. Spermatozoa were released from the vas deferens and the 

caudal region of the epididymis by blunt dissection in 1 mL of Research Fertilisation Medium 

overlaid with paraffin viscous oil and allowed to capacitate for 1 h in a humidified atmosphere 

of 5 % O2, 6 % CO2 with a balance of N2 at 37 ˚C.  
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2.2.2.4 In Vitro Fertilisation (IVF) 

In vivo and in vitro expanded COCs were isolated as described in sections 2.2.2.1 and 

2.2.2.2 and co-cultured with 10 µl of capacitated spermatozoa (collected and prepared as 

described in section 2.2.2.3) for 4 h in a humidified atmosphere of 5 % O2, 6 % CO2 with a 

balance of N2 at 37 °C. For embryo culture, culture media drops were prepared in 35 mm Falcon 

culture dishes (Cat #351008, In Vitro Technologies, VIC, Australia) at a density of 10-12 

embryos per 20 µl of Research Cleave medium overlaid with paraffin viscous oil in a 

humidified atmosphere of 5 % O2, 6 % CO2 with a balance of N2 at 37 °C. Twenty-four hours 

following IVF (Day 2), the fertilization rate was assessed, with 2-cell embryos transferred to a 

fresh 20 µl drop of culture medium for subsequent development in a humidified atmosphere of 

5 % O2, 6 % CO2 with a balance of N2 at 37 °C. Blastocyst rate was assessed on Day 5 (96 h 

post IVF).  
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Table 0.1 Media formulations for mouse COC handling and in vitro maturation 

culture. 

 

MEM-E MEDIA CHEMICAL CAT # COMPANY 

Base Minimal Essential 

Medium Eagle (MEM-E) 

M3024 – 10X 1L Sigma-Aldrich  

Hepes buffer Hepes Acid #H3375 Sigma-Aldrich 

Hepes Salt #H3784 Sigma-Aldrich 

Bicarb buffer NaHCO3 #S5761 Sigma-Aldrich 

General supplements Gentamicin sulfate #G1914 Sigma-Aldrich 

Glutamax #35050-061 Gibco by Life 

Technologies, CA, 

USA 

IVM handling and 

culture supplements 

Bovine serum albumin 

(BSA; Bovine Albumin 

Low Free Fatty Acid) 

#0219989980 MP Biomedicals, 

AlbumiNZ, 

Auckland, NZ 

Fetal Calf Serum (FCS) #12003C Sigma-Aldrich 

Recombinant Human 

Follicle Stimulating 

Hormone (rhFSH) 

# 605345-28-05 Los Angeles 

Biomedical 

Research Institute   

Epidermal Growth Factor 

(EGF) 

236-EG R&D Systems (MN, 

USA) 
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Chapter 3  

Optical imaging detects metabolic 

signatures associated with oocyte quality
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3.2 Introduction and significance 

It is well-established that cellular metabolism is important for oocyte developmental 

potential. However, most metabolic assays fail to give an accurate prediction of oocyte quality. 

This may be because they measure metabolism of the entire COC, providing no information on 

the separate oocyte and cumulus cell compartments. In recent years, label-free optical imaging 

of the metabolic cofactors: NAD(P)H and FAD, has been used to provide an overall indicator 

of cellular metabolic activity via the optical redox ratio (ORR; FAD / [NAD(P)H+FAD]). Thus, 

in this chapter, I validated the robustness of this methodology in measuring dynamic metabolic 

changes associated with modulators of different metabolic pathways, and by comparing with 

oxygen consumption rate (OCR). I also determine whether this approach could detect metabolic 

changes associated to oocyte quality in a poor oocyte quality model (inhibition of fatty acid 

oxidation using etomoxir during IVM). Additionally, the optical imaging approach was 

validated using hyperspectral microscopy. This imaging modality uses a low power density 

(energy) which has the potential for clinical implementation due to expected absence of 

photodamage. Overall, this study showed that optical imaging is a powerful measurement of 

metabolic changes and has the potential to non-invasively assess oocyte developmental 

potential.  

3.3 Publication 

This section is presented as “unpublished and unsubmitted work written in manuscript style” 

that will be submitted to Biology of Reproduction Journal by Tiffany C Y Tan, Hannah M. 

Brown, Jeremy G. Thompson, Sanam Mustafa, Kylie R. Dunning, Optical imaging detects 

metabolic signatures associated with oocyte quality
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Abstract 

Oocyte developmental potential is intimately linked to metabolism. Imaging of the 

autofluorescent cofactors NAD(P)H and FAD provides an indicator of metabolism via the 

optical redox ratio (ORR; FAD / [NAD(P)H + FAD]). Thus, label-free optical imaging in the 

absence of exogenous tags, is a potential route to non-invasively assess oocyte quality. Here, 

we validated whether optical imaging is a robust methodology for measuring metabolism in the 

cumulus oocyte complex (COC). We also determined whether optical imaging could detect 

metabolic differences associated with oocyte developmental potential. This was achieved using 

a model of poor oocyte quality – etomoxir-induced inhibition of fatty acid oxidation during in 

vitro maturation (IVM). We used confocal microscopy to measure NAD(P)H and FAD, and 

extracellular flux to measure oxygen consumption rate (OCR). Importantly, we found that the 

ORR was an accurate reflection of metabolism in the COC when compared with OCR. 

Etomoxir-treated COCs showed significantly lower levels of NAD(P)H and FAD compared to 

control. While confocal imaging demonstrated the premise, we validated this optical approach 

using a more clinically applicable technology. Hyperspectral imaging has strong potential for 

clinical implementation due to low power density (energy) requirements for imaging and the 

expected absence of photodamage. Hyperspectral imaging confirmed lower levels of NAD(P)H 

and FAD in etomoxir-treated COCs compared to control. Interestingly, etomoxir treatment 

during IVM led to altered metabolism in resultant blastocysts. Collectively, these results 

demonstrate that label-free optical imaging of metabolic cofactors is a sensitive assay for 

measuring metabolism in the COC and has potential to assess oocyte developmental potential
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Introduction 

Metabolism of the oocyte and its surrounding cumulus cells plays an essential role in 

determining oocyte developmental competence [1-5]; a term defined as the capability of the 

oocyte to resume meiosis, undergo fertilization and preimplantation embryo development, 

implant and result in a healthy offspring [6]. Much effort has been invested in understanding 

the metabolism of the cumulus oocyte complex (COC) [3, 7-11] and how various metabolic 

pathways impact oocyte quality (for review, see [12]).  

The developmental competency of an embryo is highly dependent on the oocyte it is derived 

from and thus, selection of an oocyte with high developmental potential is a possible route to 

improve the success rate of in vitro fertilization (IVF) [12]. Morphological assessment of the 

oocyte remains the primary method of evaluation in the clinic, despite being subjective and 

inaccurate in predicting competency [12-15]. Many studies have attempted to find metabolic 

biomarkers associated with oocyte quality, including metabolites within follicle fluid [16], 

cumulus cell gene expression [6, 17, 18] and profiling of “spent medium” following in vitro 

maturation [16, 19-22]. However, based on their design, these approaches may fail to accurately 

predict oocyte quality as they measure metabolism of the entire COC and do not provide insight 

into the separate cumulus and oocyte compartments. Thus, development of a non-invasive assay 

that provides spatial information on metabolism in the COC may lead to an accurate diagnostic 

for oocyte quality. 

Mitochondrial oxidative phosphorylation is the primary pathway for generating cellular 

ATP and is typically measured via oxygen consumption rate (OCR), which is the benchmark 

measurement in the field [23]. To complement this, the recent use of label-free optical imaging 

of intracellular autofluorescence to non-invasively assess metabolism is increasing in 

popularity [24-27]. A large proportion of cellular autofluorescence is derived from the 

metabolic co-factors––reduced nicotinamide adenine dinucleotide (NADH), reduced 
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nicotinamide adenine dinucleotide phosphate (NADPH) and flavin adenine dinucleotide (FAD). 

Due to their near identical spectral properties, NADH and NADPH are collectively referred to 

as NAD(P)H [28]. In 1979, Chance et al proposed the use of the optical redox ratio (ORR; FAD 

/ [FAD + NAD(P)H]) to measure oxidative phosphorylation and overall cellular metabolism in 

somatic cells [29]. In the field of reproductive biology, optical imaging of these endogenous 

fluorophores using laser scanning confocal microscopy has been used to measure metabolism 

in oocytes and preimplantation embryos [30-33]. However, previous work has not assessed the 

accuracy of the ORR in measuring dynamic metabolic changes in the COC. This is particularly 

important as the captured fluorescence may include fluorophores other than FAD and 

NAD(P)H [24]. 

In the current study, we assessed whether label-free optical imaging is a robust method to 

measure dynamic metabolic changes in the oocyte and cumulus cells. This was achieved by 

comparing the ORR with extracellular flux analysis of oxygen consumption in COCs. We 

measured the metabolic rate at basal levels and response to modulators of oxidative 

phosphorylation. We also determined whether label-free confocal imaging could detect 

metabolic differences in COCs with poor developmental potential. Following demonstration 

that confocal imaging was robust and able to detect metabolic variance in COCs with poor 

developmental potential, we validated these results using a clinically appropriate imaging 

modality. For this we employed hyperspectral microscopy which requires a low power density 

(energy) for imaging. We have previously demonstrated that hyperspectral imaging does not 

affect embryo development rate, pregnancy rate following transfer or the weight of pups at 

weaning [34]. In the present study, we show the capacity of label-free optical imaging to 

measure metabolism in the oocyte and cumulus cell compartments of the COC, and the potential 

of this approach to assess oocyte developmental competence. 
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Materials and Methods 

Animal ethics 

Female (21-23 days) and male (6-8 weeks old) CBA x C57BL/6 first filial (F1) generation 

(CBAF1) mice were obtained from Laboratory Animal Services (LAS University of Adelaide, 

SA, Australia) and maintained on a 12h light:12h dark cycle with rodent chow and water 

provided ad libitum. All experiments were approved by the University of Adelaide’s Animal 

Ethics Committee and were conducted in accordance with the Australian Code of Practice for 

the Care and Use of Animals for Scientific Purposes. 

Media  

All reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) unless stated 

otherwise. All gamete and embryo culture took place in media overlaid with paraffin oil (Merck 

Group, Darmstadt, Germany) in a humidified atmosphere of 5 % O2, 6 % CO2 with a balance 

of N2 at 37 °C unless stated otherwise. All media were pre-equilibrated for at least 4 h prior to 

use. All handling procedures were performed on microscopes fitted with warming stages 

calibrated to maintain the media in dishes at 37 °C. 

The base medium used for mouse ovary collection, handling and in vitro maturation (IVM) 

was phenol red-free Minimum Essential Medium Eagle (MEM-E). For collection and imaging 

of immature cumulus oocyte complexes (COCs), ovaries were collected in handling medium 

comprised of MEM-E medium supplemented with 6 mM NaHCO3, 50 mg/L gentamicin sulfate, 

10 mM HEPES, 2 mM glutamax (Gibco by Life Technologies, CA, USA) and 3 mg/ml fatty 

acid free bovine serum albumin (BSA, MP Biomedicals, Albumin NZ, Auckland, NZ). The 

media was filtered before adding 1x10-2 μM estradiol and 50 μM 3-Isobutyl-1-methylxanthine 

(IBMX). The handling medium for ovary collection and handling prior to IVM was filtered 

MEM-E medium supplemented with 6 mM NaHCO3, 50 mg/L gentamicin sulfate, 10mM 
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HEPES, 2 mM glutamax and 5 % (v/v) fetal calf serum (FCS). The culture medium for IVM 

was MEM-E supplemented with 26 mM NaHCO3, 50 mg/L gentamicin sulfate, 2 mM glutamax, 

5 % (v/v) FCS, 50 mIU/ml of recombinant human follicle-stimulating hormone (rhFSH; Los 

Angeles Biomedical Research Institute, LA, USA) and 3 ng/ml epidermal growth factor (EGF), 

hereafter referred to as “IVM medium”. Research Fertilization Medium and Cleave Medium 

(ART Lab Solutions, SA, Australia) supplemented with 4 mg/ml of low fatty acid BSA were 

used for in vitro fertilization (IVF) and embryo culture, respectively.  

Tissue culture of human embryonic kidney cell lines 

Human embryonic kidney cell lines (HEK293FT) were cultured in Dulbecco′s Modified 

Eagle’s Medium (DMEM) supplemented with 0.3 mg/ml glutamine (Gibco, ThermoFisher 

Scientific, Waltham, MA, USA), 100 IU/ml penicillin and 100 µg/ml streptomycin (Gibco, 

ThermoFisher Scientific, Waltham, MA, USA) and 10 % (v/v) fetal calf serum (FCS; Gibco, 

ThermoFisher Scientific, Waltham, MA, USA), maintained in 5 % CO2 in air at 37 °C. 

Collection of immature cumulus oocyte complexes (COCs) 

Mice were injected subcutaneously with 5 IU equine chorionic gonadotrophin (eCG, 

Braeside, VIC, Australia). At 44 h post-eCG, mice were culled by cervical dislocation and 

ovaries collected in warmed handling medium. The COCs were isolated from ovaries by 

puncturing follicles using a 29-gauge x ½ in. insulin syringe with needle (Terumo Australia Pty 

Ltd., NSW, Australia). Isolated immature COCs were allocated for imaging using two-channel 

laser scanning confocal microscopy to measure optical redox ratio (ORR) or extracellular flux 

analysis to analyze oxygen consumption rate (OCR).  

In vitro maturation (IVM), in vitro fertilization (IVF) and embryo culture  

Mice were injected subcutaneously with 5 IU eCG. At 46 h post-eCG injection, mice were 

culled by cervical dislocation and dissected ovaries collected in warmed handling medium for 

COC isolation. The COCs were cultured in groups of 20 in drops of 100 µl IVM Medium 
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overlaid with paraffin oil. Culture treatments involved IVM culture medium supplemented with 

or without 100 µM of etomoxir. COCs were matured in vitro for 16 h in 20 % O2, 6 % CO2 

with a balance of N2 at 37 °C. Following IVM, COCs were washed twice and either allocated 

for imaging (two-channel scanning confocal microscopy or hyperspectral microscopy) or 

fertilized in vitro. 

One hour prior to IVF, male mice with proven fertility were culled by cervical dislocation 

with the epididymis and vas deferens collected in Research Wash Medium. Spermatozoa were 

released from the vas deferens and caudal region of the epididymis by blunt dissection in 1 mL 

of Research Fertilization Medium and allowed to capacitate for 1 h in a humidified atmosphere 

of 5 % O2, 6 % CO2 with a balance of N2 at 37 °C. Mature COCs were then co-cultured with 

capacitated spermatozoa (35, 000 sperm/ml) for 4 h at 37 °C in a humidified atmosphere of 5 % 

O2, 6 % CO2 with a balance of N2. The resulting presumptive zygotes were cultured in groups 

of 10-12 in 20 µl drops of Research Cleave Medium overlaid with paraffin oil in a humidified 

atmosphere of 5 % O2, 6 % CO2 with a balance of N2 at 37 °C. Twenty-four hours following 

IVF (Day 2), the fertilization rate was assessed, with 2-cell embryos transferred to a fresh 20 µl 

drop of culture medium. On day 5, the blastocyst rate (from starting number of oocytes) was 

assessed followed by imaging using hyperspectral microscopy. 

Use of metabolic inhibitors 

Mitochondrial inhibitors (oligomycin, carbonyl-4-phenylhydrazone (FCCP) and 

Rotenone/antimycin A (Rot/AA)) used for this study were from the Seahorse XF Cell Mito 

Stress Test Kit (Agilent Technology, CA, USA). Inhibitors were dissolved in either MEM-E 

(immature COCs) or Seahorse XF DMEM medium (HEK293FT cells; Agilent Technology, 

CA, USA) as per manufacturer’s instruction and stored in -80 °C. One hour prior to imaging or 

extracellular flux analysis, inhibitors were diluted to required concentrations with pre-warmed 

MEM-E or DMEM. Optimization was carried out on both cell types to establish the appropriate 
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concentration for each mitochondrial inhibitor based on the manufacturers’ instructions 

(Immature COCs: 2.0 µM oligomycin, 1.0 µM FCCP and 2.5 µM Rot/AA ; HEK293FT cells: 

2.0 µM oligomycin, 0.5 uM FCCP and 0.5 uM Rot/AA). 

Measurement of oxygen consumption rate in HEK293FT cell lines and immature cumulus 

oocyte complexes using extracellular flux analysis  

The base medium used for extracellular flux analysis is Seahorse XF DMEM medium, 

supplemented with 1 mM pyruvate (Agilent Technology, CA, USA), 2 mM glutamine (Agilent 

Technology, CA, USA) and 10 mM glucose (Agilent Technology, CA, USA). For the 

HEK293FT cell line, cells were plated at a density of 2.0 x 104 cells/well in a 96-well culture 

microplate (Agilent Technology, CA, USA) and allowed to adhere and proliferate overnight. 

One hour prior to the assay, cells were washed three times in Seahorse XF DMEM before being 

replaced with Seahorse XF DMEM and cultured for another hour in a non-CO2 gassed, 

humidified incubator at 37 °C. For immature COCs, cells were isolated in pre-warmed handling 

medium as described above at a density of 20 COCs/well. One hour prior to the assay, immature 

COCs were washed similar to HEK293T cells. 

The Seahorse Bioscience XF analyzer and Mito Stress Test Kit (Agilent Technology, CA, 

USA) were used according to the manufacturer's instructions to assess the mitochondrial and 

glycolytic function of HEK293FT cell lines and immature COCs. The sensor containing 

fluxpak (Agilent Technology, CA, USA) was hydrated and incubated overnight at 37 °C in a 

non-CO2 gassed humidified incubator. The sensor containing fluxpak was calibrated for 

approximately 15 min as per manufacturer guidelines. Upon completion, the pre-warmed cell 

plate containing HEK293FT cells or immature COCs was loaded into the machine. Both cell 

types were analyzed using a protocol involving a 12 min equilibration period and alternating 

between a 3 min measurement period and a 3 min re-equilibration period. During the 

measurement period, the sensor containing the probe was lowered down, creating an airtight 
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2.3 µl microenvironment. The output of extracellular flux analysis was given as OCR in 

pmol/min/well. 

Measurement of metabolic co-factors NAD(P)H and Flavins and optical redox ratio using two-

channel laser confocal microscope 

For HEK293FT cells, cells were plated at 1.25 x 105 cells and cultured overnight in a 35 

mm glass-bottom dish (Ibidi, Martinsried, Planegg, Germany). For immature COCs, cells were 

isolated in pre-warmed handling medium as described above. Prior to imaging, cells were 

washed three times and replaced with Seahorse XF DMEM medium. Images were acquired for 

both cell types at baseline (basal), followed by oligomycin, FCCP and Rot/AA every 15 min. 

For the inhibition of β-oxidation during IVM, mature COCs were imaged in 2 µl of Research 

Wash Medium, overlaid with paraffin oil. 

The autofluorescence intensity indicative of co-enzymes nicotinamide adenine dinucleotide 

phosphate (NAD(P)H) and flavin adenine dinucleotide (FAD) content was recorded on an 

Olympus Fluoview FV10i confocal microscope (Olympus, Tokyo, Japan), followed by 

calculation of the optical redox ratio (ORR). All cells were excited at a wavelength of 405 nm 

(Emission Detection Wavelength: 420 nm to 450 nm) for NAD(P)H (referred to as the 

NAD(P)H channel), and excited at a wavelength of 473 nm (Emission Detection Wavelength: 

490 nm to 590 nm) for FAD (referred to as the FAD channel). 

Image acquisition occurred at 60x magnification, numerical aperture equal to NA = 1.4, with 

a single z-plane chosen at the widest point of the cells, COCs and inner cell mass (ICM) of 

blastocyst-stage embryos. Imaging parameters were kept constant between replicates. 

Fluorescence intensity was measured using Image J software (National Institute of Health). The 

ORR was calculated using the intensity of the FAD channel divided by the sum of the intensity 

of NAD(P)H and FAD channels (ORR = FAD / (NAD(P)H + FAD), which reflects the activity 



 

66 

 

of the mitochondrial electron transport chain and therefore indicates the dynamic changes of 

cellular metabolism [27]. 

Hyperspectral autofluorescence and brightfield imaging 

In this work, the hyperspectral microscopy system (Quantitative Pty Ltd, Mount Victoria, 

NSW, Australia) was built by adapting a standard epifluorescence microscope (Nikon Eclipse 

TiE, 40× objective, NA = 1.3), fitted with a multi-LED light source (Prizmatix Ltd, Givat-

Shmuel, Israel). These low-power LEDs provided 56 spectral channels: 21 excitation 

wavelength ranges and three emission wavelength filters, covering excitation wavelengths from 

348 – 649 nm and emission wavelengths from 450 – 715 nm (see Supplementary Table I for 

details of spectral channels). The fluorescence of native endogenous fluorophores found within 

cells was captured by a 40x objective imaging onto a digital camera C1140, OCRA Flash 4.0 

(Hamamatsu, Shizuoka, Japan) using all 56 spectral channels. Image acquisition times of up to 

3 s per channel were used, with multiple averaging (typically 1 – 3 times) to optimize image 

quality and minimize any potential photo-damage to the cells in each channel.  

Mature COCs were imaged on a microscope slide and mounted using a 0.12 mm Secure 

Seal spacer (Molecular Probes, Invitrogen). Blastocysts were imaged on glass bottom confocal 

dishes (Ibidi, Martinsried, Planegg, Germany) containing 2 μl of Research Wash Medium 

overlaid with paraffin oil. Hyperspectral microscopy images were taken by adjusting the input 

light beam to specifically focus on the equatorial plane of oocytes (i.e. widest diameter) and the 

ICM of individual blastocysts. 

Analysis of hyperspectral microscopy data 

Image preparation was first carried out to remove image artifacts, such as background 

fluorescence, Poisson's noise, dead or saturated pixels, and illumination curvature across the 

field of view, as described in detail in previous work [35-37]. At the beginning of each 
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experiment, two calibration images were captured using the hyperspectral system: a 

“background” reference image of a culture dish with medium only, and another with calibration 

fluid only. The “background” reference image was included and subtracted from all images to 

remove any background signals. The microscope system was calibrated with a mixture of 50 

µM NADH and 10 µM riboflavins whose spectrum spans across all spectral channels. The 

excitation and emission spectra of this calibration fluid were measured using a spectrometer 

(FLS1000 Photoluminescence Spectrometer) and imaged on the hyperspectral microscope 

across all spectral channels. The COCs and blastocysts were manually segmented using a 

brightfield image to create a region of interest. 

NAD(P)H is excited at 350 nm and emitted between 450-470 nm, whereas FAD is excited 

at 450 nm with emission occurring at 520 nm [38]. Based on the known spectral properties of 

NAD(P)H and FAD, we selected channels 1 and 2 (NAD(P)H channels) and channels 24 and 

25 (FAD channels), respectively, to quantify their intensity using hyperspectral imaging 

(Supplementary Table 1). 

Statistical analysis 

Wave software (Agilent Technology, CA, USA) was used to determine OCR in 

pmol/min/well. All other statistical analyses were carried out using GraphPad Prism Version 9 

for Windows (GraphPad Holdings LLC, CA, USA). Data were subjected to normality testing 

using the D'Agostino-Pearson Omnibus normality test prior to analysis. For Figure 1B – 1D 

and 2B -2G, an ordinary one-way ANOVA with Holm-Šídák post-hoc test was performed for 

normally distributed data, whilst a non-parametric Kruskal-Wallis test with Dunn’s post-hoc 

test was used for datasets that were not normally distributed, as described in the figure legends. 

For Figure 3B-3G, 4A – 4H, 5A – 5D, data were either analyzed by unpaired student t-test when 

normally distributed or Mann-Whitney test when data did not follow a normal distribution, as 
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indicated in the figure legends. Data are presented as mean ± standard error of mean (SEM). 

Statistical significance was set at P-value < 0.05. 

Results 

We evaluated the robustness of the ORR in detecting dynamic metabolic changes in the 

oocyte and cumulus cell compartments of the COC by direct comparison with OCR. 

Assessments were made at baseline (basal - no drug treatment) and following the sequential 

addition of mitochondrial inhibitors/uncouplers. These drugs act by inhibiting specific 

components of the electron transport chain (Supplementary Figure 1) [39]. Oligomycin inhibits 

ATP synthase providing an indication of the proportion of oxygen used for ATP production. 

Thus, the OCR will decrease upon exposure to this compound. Based on its mode of action, we 

hypothesized that oligomycin exposure will lead to an increase in NAD(P)H, a decrease in FAD 

and thus, a decrease in ORR. FCCP is a mitochondrial uncoupler and acts by interfering with 

the proton gradient. This results in maximum oxygen consumption and as such, the OCR 

increases. We hypothesized that the addition of FCCP will lead to decreased NAD(P)H and 

increased FAD and ORR. Lastly, rotenone and antimycin A (Rot/AA) when added together 

block complex I and III respectively, shutting down the electron transport chain entirely and 

decreasing the OCR. In this instance, we hypothesized that the addition of Rot/AA will lead to 

increased NAD(P)H, and decreased FAD and ORR. We tested these hypotheses first in a 

somatic cell line (HEK293FT) then in the oocyte and cumulus cell compartments of intact 

COCs. 

Optical redox ratio detects dynamic metabolic changes in HEK293FT cells in response to 

mitochondrial inhibitors/uncoupler. 

The intensity of metabolic co-factors NAD(P)H and FAD were measured by laser scanning 

confocal microscopy (Figure 1A). Compared with basal levels, the intensity of NAD(P)H, FAD 

and ORR were not altered by the addition of oligomycin (Figure 1B, C and D, respectively). In 
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contrast, FCCP addition resulted in a significant decrease in NAD(P)H and a significant 

increase in FAD and ORR compared to levels observed in the presence of oligomycin (Figure 

1B, C and D, respectively). As expected, the addition of Rot/AA led to a significant increase in 

NAD(P)H and significant decrease in FAD and ORR compared with FCCP (Figure 1B, C and 

D, respectively). Figure 1E shows metabolic changes in HEK293FT cells in response to 

mitochondrial inhibitors/uncoupler when measured by ORR and OCR. This comparison 

validated that changes in ORR were consistent with OCR in HEK293T cells except for the 

response to oligomycin compared to basal levels (Figure 1E). 

Optical redox ratio (ORR) can detect dynamic changes in COCs in response to mitochondrial 

inhibitors and uncoupler. 

Following validation in HEK293FT cells, we next determined whether the ORR detects 

dynamic metabolic changes within intact COCs in response to mitochondrial 

inhibitors/uncouplers. We evaluated metabolic changes within the oocyte and cumulus cell 

compartments separately (Figure 2A). Compared to basal levels, there was a reduction in the 

intensity of NAD(P)H within the oocyte in response to oligomycin, although this did not reach 

statistical significance (Figure 2B). There was a significant reduction in FAD within the oocyte 

following the addition of oligomycin compared to basal levels (Figure 2C). The changes in 

NAD(P)H and FAD in response to oligomycin yielded no impact on the ORR of oocytes 

compared to basal levels (Figure 2D). Treatment with FCCP resulted in a significant increase 

in NAD(P)H, FAD and ORR compared to levels observed in the presence of oligomycin (Figure 

2B, C and D, respectively). Following addition of Rot/AA, there was no change in the levels of 

NAD(P)H but a significant decrease in FAD and ORR compared to levels seen in the presence 

of FCCP (Figure 2B, C and D, respectively). 

  



 

70 

 

Figure 1 
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Figure 1. Optical imaging of metabolic cofactors in HEK293FT cells reflects changes in 

oxygen consumption rate. Metabolism was measured in HEK293FT cells in response to 

oligomycin (oligo, 2.0 μM), FCCP (0.5 μM) and Rotenone/antimycin A (Rot/AA, 0.5 μM). 

Metabolic response to these inhibitors/uncouplers was measured by laser scanning confocal 

microscopy (intracellular NAD(P)H and FAD) and extracellular flux analysis (oxygen 

consumption rate; OCR). Representative images of NAD(P)H and FAD autofluorescence is 

shown in (A). Quantified intensity of NAD(P)H and FAD are shown in (B) and (C), 

respectively. The optical redox ratio (ORR; FAD / [NAD(P)H + FAD]) was calculated (D) as 

an indicator of overall metabolic activity. The average OCR was compared with the ORR (E). 

Data are presented as mean ± SEM; ORR: n = 75-82 cells per drug treatment, 5 independent 

experimental replicates; OCR (pmol/min): n = 30 wells (2.0 x 104 cells/well), 3 independent 

experimental replicates. Due to the data not following a normal distribution, a Kruskal-Wallis 

with Dunn’s multiple comparison test was used (B–D). * P < 0.05, ** P < 0.01, *** P < 0.001, 

**** P < 0.0001. Scale bar = 50 μm. 
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Figure 2 
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Figure 2. Optical imaging of metabolic cofactors in cumulus oocyte complexes reflects 

changes in oxygen consumption rate.  

Metabolism was measured in immature cumulus oocyte complexes (COCs) in response to 

oligomycin (oligo, 2.0 μM), FCCP (1 μM) and Rotenone/antimycin A (Rot/AA, 2.5 μM). 

Metabolic response to these inhibitors/uncouplers was measured by laser scanning confocal 

microscopy (intracellular NAD(P)H and FAD) and extracellular flux analysis (oxygen 

consumption rate; OCR). Representative images of NAD(P)H and FAD autofluorescence are 

shown in (A). The intensity of NAD(P)H (B and E) and FAD (C and F) were quantified for the 

oocyte (B and C) and cumulus cells (E and F). The optical redox ratio (ORR; FAD / [NAD(P)H 

+ FAD]) was calculated for the oocyte (D) and cumulus cells (G) as an indicator of overall 

metabolic activity. The ORR for the oocyte and cumulus cells was compared with the OCR for 

intact COCs (H). Data are presented as mean ± SEM; ORR: n = 12 COCs per drug treatment, 

4 independent experimental replicates; OCR: n = 16 wells (20 COCs /well), 4 independent 

experimental replicates. Data were analyzed either by a Kruskal-Wallis with Dunn’s multiple 

comparison test (B and D) or a one – way ANOVA with Holm-Šídák multiple comparison test 

(C, E, F and G). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Scale bar = 80 μm  
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In cumulus cells, the addition of oligomycin caused no changes in NAD(P)H, FAD or the 

ORR compared to basal levels (Figure 2E, F and G, respectively). The addition of FCCP caused 

no change in the intensity of NAD(P)H but did result in a significant increase in FAD and the 

ORR compared to oligomycin (Figure 2E, F and G, respectively). Subsequent addition of 

Rot/AA yielded no change in the levels of NAD(P)H compared to FCCP but was significantly 

higher compared to basal levels (Figure 2E). For both FAD and the ORR, Rot/AA caused a 

significant decrease compared to FCCP levels (Figure 2F and G, respectively). Excitingly, 

when comparing the ORR with OCR, we observed that changes in ORR were consistent with 

OCR for the oocyte for all mitochondrial inhibitors/uncouplers (Figure 2H, black dotted line vs 

red line). Similar to HEK293FT cells, the ORR for cumulus cells was consistent with changes 

in OCR with the exception of the response to oligomycin (Figure 2H; black solid line vs red 

line). 

Optical imaging detects metabolic changes associated with oocyte quality.  

The above data demonstrated that label-free optical imaging of metabolic co-factors and 

subsequent calculation of the ORR were robust measures of metabolism in the oocyte. Towards 

determining whether this, or similar optical approaches could detect metabolic changes 

associated with oocyte developmental potential, we utilized a well-described model of poor 

oocyte quality [3, 40]. Cumulus oocyte complexes were matured in vitro in the absence or 

presence of etomoxir, which is known to inhibit fatty acid oxidation and result in decreased 

oocyte developmental potential [3]. In the current study, COC maturation in the presence of 

etomoxir did not affect fertilization rate (control: 90.2 ± 2.5 %; etomoxir: 72.9 ± 8.8 %, data 

not shown), but significantly fewer embryos reached the blastocyst-stage of development 

(control: 69.5 ± 4.8%; etomoxir: 44.9 ± 6.8%, data not shown). This is in agreement with our 

previous work [3] and validates the use of etomoxir during IVM to decrease oocyte 

developmental potential in the current study. 
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Figure 3 
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Figure 3 Optical imaging detects metabolic changes associated with oocyte quality. 

Cumulus oocyte complexes (COCs) were matured in vitro in the absence or presence of 

etomoxir, an inhibitor of fatty acid metabolism (β-oxidation). Metabolic response (NAD(P)H 

and FAD) to etomoxir was measured by laser scanning confocal microscopy. Representative 

images are shown in (A). The intensity of NAD(P)H (B and E) and FAD (C and F) were 

quantified in the oocyte (B and C) and cumulus cells (E and F), respectively. The optical redox 

ratio (FAD / [NAD(P)H + FAD]) was calculated as indicator of metabolic activity in oocytes 

(D) and cumulus cells (G), respectively. Data were analyzed by either a two-tailed unpaired 

Student’s t-test (B) or Mann-Whitney test (C-G). Data presented as mean ± SEM, 3 independent 

experimental replicates; n = 33 for control COCs, n = 32 for etomoxir-treated COCs. * P < 0.05, 

**** P < 0.0001. Scale bar = 80 μm.  
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The intensity of metabolic cofactors NAD(P)H and FAD were quantified in the oocyte and 

cumulus cells separately (Figure 3A). Compared to control, etomoxir treatment during IVM 

significantly reduced the intensity of NAD(P)H (Figure 3B and E) and FAD (Figure 3C and F) 

in both the oocyte (Figure 3B and C) and cumulus cells (Figure E and F). The presence of 

etomoxir during IVM did not alter the ORR for oocytes (Figure 3D) or cumulus cells (Figure 

3G).  

Hyperspectral microscopy detects metabolic changes associated with oocyte quality that 

persists in resultant blastocysts. 

The use of laser-scanning confocal microscopy as a clinical measure of oocyte quality is 

hampered by the high laser power required for imaging, likely resulting in photodamage [26]. 

Consequently, we next investigated whether hyperspectral microscopy could detect analogous 

changes in autofluorescence in the COC. Hyperspectral microscopy was chosen due to its 100-

fold lower power density (energy) requirement compared to laser-scanning confocal imaging 

[32, 41]. Channel 1 and Channel 2 were used to quantify the intensity of NAD(P)H, whereas 

Channel 24 and Channel 25 were used to capture FAD (as described in Materials and Methods). 

Using the same model of poor oocyte quality, hyperspectral microscopy showed similar 

changes to NAD(P)H and FAD in both the oocyte and cumulus cells in response to etomoxir. 

Compared to control, there was a significant decrease in fluorescence in both the oocyte and 

cumulus cells following IVM in the presence of etomoxir in Channel 1 (Figure 4A and E, 

respectively) but no difference was seen in Channel 2 (Figure 4B and F, respectively). For both 

FAD channels (Channel 24 and 25) there was a significant decrease in autofluorescence in the 

oocyte and cumulus cells following IVM in the presence of etomoxir compared to control 

(oocyte: Figure 4C and D; cumulus cells: Figure 4G and H). 

To determine whether metabolic changes detected in etomoxir-treated oocytes persisted in 

resultant embryos, COCs matured in the absence or presence of etomoxir were fertilized in vitro 
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Figure 4 Hyperspectral microscopy detects metabolic changes associated with oocyte quality. Cumulus oocyte complexes (COCs) were 

matured in vitro in the absence or presence of etomoxir, an inhibitor of fatty acid metabolism (β-oxidation). Matured COCs were imaged using 

hyperspectral microscopy. Autofluorescence intensity was quantified for the oocyte (A-D) and cumulus cells (E-H) in hyperspectral channels that 

matched the spectral properties of NAD(P)H: channel 1 (A and E) and channel 2 (B and F); and FAD: channel 24 (C and G) and channel 25 (D 

and H). Data were analyzed by a two-tailed unpaired Student’s t-test (A-C, H) or Mann-Whitney test (D-G). Data presented as mean ± SEM, 3 

independent experimental replicates; n = 12 for control COCs, n = 16 for etomoxir-treated COCs. * P < 0.05, ** P < 0.01.  
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and allowed to develop to the blastocyst-stage. The intensity of NAD(P)H (Channel 1 and 2; 

Figure 5A and B) and FAD (Channel 24 and 25; Figure 5C and D) were significantly lower in 

the fetal cell lineage (inner cell mass) of blastocyst-stage embryos that developed from 

etomoxir-treated COCs compared to those matured in control conditions. 

Discussion 

Most metabolism assays are limited in that they assess the whole COC and fail to provide 

spatial information on the oocyte and cumulus cell compartments [12]. Development of a tool 

that non-invasively measures metabolism in both compartments may be a powerful route for 

assessing oocyte quality – particularly as it would provide a measurement of the oocyte itself. 

Label-free optical imaging has been previously used to characterize good and poor quality 

oocytes that were denuded of their cumulus cells [30, 33, 40, 42]. However, as oocytes are 

dependent on factors derived from cumulus cells and normally mature in the presence of these 

cells [12]. Thus, it is important to validate the robustness of label-free optical imaging to 

measure metabolism in the intact COC. This was analyzed in the current study by comparing 

the ORR of COCs with their OCR in response to a series of mitochondrial inhibitors/uncouplers. 

Following this, we showed that optical imaging using confocal microscopy could detect 

metabolic differences associated with oocyte developmental potential. Towards demonstrating 

the potential for label-free optical imaging to be used clinically, we also used hyperspectral 

microscopy, which typically uses light at 1-2 orders of magnitude lower than confocal 

microscopy [32, 41]. This makes it compatible for clinical use due to the absence of 

photodamage [34]. Importantly, results generated with hyperspectral imaging were comparable 

to those obtained from confocal microscopy. 

Our results showed that the ORR is an accurate assay to measure metabolic changes in the 

oocyte through our comparison with OCR. Interestingly, we found that in somatic cells 

(HEK293FT cells and cumulus cells), the ORR was similar to OCR in its response to the 
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Figure 5. Altered metabolism during oocyte maturation persists in resultant blastocyst-stage embryos. Cumulus oocyte complexes (COCs) 

were matured in vitro in the absence or presence of etomoxir, an inhibitor of fatty acid metabolism (β-oxidation). Matured COCs were fertilized in 

vitro and developed to the blastocyst-stage in the absence of etomoxir. Embryos were imaged using hyperspectral microscopy. Autofluorescence 

intensity was quantified for hyperspectral channels that matched the spectral properties of NAD(P)H: channel 1 (A) and channel 2 (B); and FAD: 

channel 24 (C) and channel 25 (D). Data were analyzed by either a two-tailed unpaired Student’s t-test (C and D) or Mann-Whitney test (A and 

B). Data presented as mean ± SEM, 3 independent experimental replicates; n = 24 for control and n = 29 for blastocysts developed from control 

and etomoxir-treated COCs respectively. ** P < 0.01, *** P < 0.001. 
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inhibitors/uncoupler with the exception of oligomycin. Oligomycin inhibits ATP synthase in 

the electron transport chain (Supplementary Figure 1), leading to a decrease in oxygen 

consumption at complex IV, which was detected by the oxygen sensor in the extracellular flux 

analysis (which generates the OCR). Conversely, the ORR showed no change in response to 

oligomycin. This may be due oligomycin causing a shift in metabolism from oxidative 

phosphorylation to glycolysis in somatic cells [43] and would increase NAD(P)H levels. A shift 

to glycolysis would likely not occur within the oocyte due to it being heavily reliant on oxidative 

phosphorylation [1, 12, 30]. Future studies could utilize metabolic inhibitors such as 2-deoxy-

D-glucose (2-DG) and oxamate to further understand the contributions of glycolysis and 

oxidative phosphorylation and their effect on NAD(P)H and FAD in the COC. 

It is important to note that the intensity of NAD(P)H captured here may potentially be a 

mixture of both NADH and NADPH due to their near identical spectral properties [26, 28]. 

Therefore, the results observed for NAD(P)H could potentially be attributed to: (1) NADH 

produced from glycolysis and the tricaboxylic (TCA) cycle to generate ATP in the electron 

transport chain [26], or (2) cytosolic NADPH from the pentose phosphate pathway in response 

to oxidative stress [44, 45]. In contrast, FAD can be directly linked to the activity of oxidative 

phosphorylation, as it is almost exclusively localized within mitochondria [26, 46]. Importantly, 

we showed that changes in FAD intensity in response to the mitochondrial 

inhibitors/uncouplers were as hypothesized for the oocyte and cumulus cells – except for 

oligomycin in cumulus cells as discussed above. Thus, capturing FAD autofluorescence is an 

accurate measurement of oxidative phosphorylation, particularly for the oocyte. This 

demonstrates the power of label-free optical imaging to interrogate differences in metabolism 

between the oocyte and cumulus cells, while the OCR is limited in that it measures metabolism 

of the entire COC, potentially missing critical differences between the two cell compartments. 
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The capacity of label-free optical imaging to detect metabolic differences associated with 

oocyte quality was demonstrated in the current study using a mouse model of poor oocyte 

quality – etomoxir-induced inhibition of fatty acid oxidation during IVM. The importance of 

fatty acid oxidation for oocyte developmental potential has been shown previously [3, 10, 47] 

and in the current study. While etomoxir does not directly target oxidative phosphorylation, we 

hypothesized it would lead to a decrease in NAD(P)H and FAD as fatty acids are normally 

metabolized to acetyl coenzyme A to generate NADH and FADH2 in the TCA cycle [3]. As 

expected, we observed a decrease in NAD(P)H and FAD intensities when COCs were matured 

in the presence of etomoxir. This demonstrates the premise of label-free imaging to detect 

metabolic differences in COCs associated with oocyte quality. We are now turning our attention 

to a wide range of models, both animal and human, where oocyte competence is known to be 

an issue. 

To demonstrate clinical utility, we also used hyperspectral microscopy that requires low 

power density (energy) for imaging. Importantly, we have previously shown that hyperspectral 

microscopy is safe for preimplantation embryos [34] and thus, we expect the same is true for 

the COC. In addition to confirming the results obtained from confocal imaging in the COC, 

hyperspectral microscopy was able to detect altered metabolism in blastocysts developed from 

oocytes with poor developmental potential. This shows that insults that occur during IVM 

persist in resultant blastocysts as seen in previous work when the insult occurred during oocyte 

maturation in vivo [48]. 

It is important to note that the current study was performed in a mouse model. Further 

evaluation of this imaging tool in preclinical studies and additional safety assessments are 

required prior to clinical implementation. As the developmental potential of an embryo is 

heavily reliant on the oocyte it is derived from, non-invasive selection and ranking of oocytes 

may assist in optimizing an IVF cycle to increase the likelihood of success [49]. The current 
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study demonstrates that label-free optical imaging of NAD(P)H and FAD is a sensitive assay 

for measuring metabolism in the COC and detects metabolic signatures associated with oocyte 

quality. We believe that label-free optical imaging is a promising technique for measuring 

oocyte developmental potential, and potentially improving IVF success. 
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Supplementary Table 

Supplementary Table I. Specification of spectral channels with their respective excitation, 

emission, dichroic mirror wavelengths and laser powers for hyperspectral system. 

Spectral 

Channel 

Wavelength (nm) Power (µW) Exposure 

time (s) 

Excitation Emission Dichroic 

mirror 

1 348 450 - 475 442 2.80 0.2 

2 369 450 - 475 442 2.90 0.2 

3 371 450 - 475 442 2.70 1.5 

4 376 450 - 475 442 2.90 2.0 

5 384 450 - 475 442 2.00 2.0 

6 390 450 - 475 442 3.98 0.8 

7 394 450 - 475 442 8.40 0.1 

8 407 450 - 475 442 4.11 0.1 

9 420 450 - 475 442 8.63 0.1 

10 423 450 - 475 442 3.29 0.9 

11 432 450 - 475 442 6.90 2.0 

12 348 532 - 593 560 2.76 2.0 

13 369 532 - 593 560 3.10 2.0 

14 371 532 - 593 560 2.10 2.0 

15 376 532 - 593 560 0.87 2.0 

16 384 532 - 593 560 2.54 2.0 

17 390 532 - 593 560 3.14 2.0 

18 394 532 - 593 560 2.17 2.0 

19 407 532 - 593 560 0.90 2.0 

20 420 532 - 593 560 3.02 2.0 

21 423 532 - 593 560 4.60 2.0 

22 432 532 - 593 560 8.52 2.0 

23 447 532 - 593 560 10.19 2.0 

24 449 532 - 593 560 6.92 2.0 

25 471 532 - 593 560 8.45 0.01 

26 476 532 - 593 560 9.20 2.0 

27 480 532 - 593 560 4.90 2.0 

28 499 532 - 593 560 9.73 2.0 

29 507 532 - 593 560 13.51 2.0 

30 522 532 - 593 560 14.80 2.0 

31 531 532 - 593 560 10.21 2.0 

32 348 690 - 715 695 14.31 2.0 

33 369 690 - 715 695 8.33 2.0 

34 371 690 - 715 695 11.89 2.0 

35 376 690 - 715 695 12.86 2.0 

36 384 690 - 715 695 3.13 2.0 

37 390 690 - 715 695 4.84 2.0 

38 394 690 - 715 695 8.95 2.0 
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Spectral 

Channel 

Wavelength (nm) 

 

Power (µW) Exposure 

time (s) 

Excitation Emission Dichroic 

mirror 

39 407 690 - 715 695 10.73 2.0 

40 420 690 - 715 695 7.26 2.0 

41 423 690 - 715 695 8.81 2.0 

42 432 690 - 715 695 9.55 2.0 

43 447 690 - 715 695 5.30 2.0 

44 449 690 - 715 695 10.15 0.01 

45 471 690 - 715 695 14.25 2.0 

46 476 690 - 715 695 15.49 2.0 

47 480 690 - 715 695 10.74 2.0 

48 499 690 - 715 695 14.88 2.0 

49 507 690 - 715 695 8.62 2.0 

50 522 690 - 715 695 12.34 2.0 

51 531 690 - 715 695 13.35 2.0 

52 563 690 - 715 695 2.47 2.0 

53 597 690 - 715 695 3.89 2.0 

54 625 690 - 715 695 7.15 2.0 

55 649 690 - 715 695 8.62 2.0 

56 DIC 532 - 593 560 5.82 2.0 
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Supplementary Figure 

 

Supplementary Figure 1. Schematic diagram illustrating the targets of oligomycin, 

carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) and 

Rotenone/Antimycin A on the specific components of the electron transport chain. 

Oligomycin inhibits ATP synthase, providing an indication of the proportion of oxygen used 

for ATP production. FCCP is a mitochondrial uncoupler that dissipates the proton gradient 

between the matrix and inner membrane space. Rotenone and antimycin A added together to 

block the complex I and III respectively, shutting down the electron transport chain entirely. 

Figure generated using Biorender. 
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Chapter 4  

Non-invasive, label-free optical analysis 

to detect aneuploidy within the inner cell 

mass of the preimplantation embryo
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4.2 Introduction and significance 

Many human embryos are mosaic, containing both euploid (expected number of 

chromosomes) and aneuploid (extra or missing chromosomes) cells, which is thought to 

account for early pregnancy loss following IVF. Current diagnosis of aneuploidy in the IVF 

clinic involves a biopsy of trophectoderm cells followed with sequencing. This approach is 

invasive and fails to provide an accurate diagnosis for the presence or absence of aneuploid 

cells within the ICM (foetal lineage). Hence, the development of a non-invasive tool to 

determine the proportion of aneuploid cells would likely aid in stratification of embryo quality 

and improve clinical IVF success. This study shows that hyperspectral autofluorescence 

imaging was able to discriminate between euploid and aneuploid cells in human fibroblast cells 

and ICM of mouse blastocysts. Therefore, this approach may potentially lead to a new 

diagnostic for embryo analysis. 

4.3 Publication 

This section is presented as “Published” in Human Reproduction journal by Tiffany C Y 

Tan Ϯ, Saabah B. Mahbub Ϯ, Jared M. Campbell, Abbas Habibalahi, Carl A. Campugan, Ryan 

D. Rose, Darren J. X. Chow, Sanam Mustafa, Ewa M. Goldys, Kylie R. Dunning, Non-invasive, 

label-free optical analysis to detect aneuploidy within the inner cell mass of the preimplantation 

embryo. 

Ϯ The authors consider that the first two authors should be regarded as joint First Author
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4.4 Manuscript 
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4.4 Supplementary data 
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Chapter 5  

The metabolic state of the murine 

preimplantation embryo is altered by 

vitrification and fixation
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5.2 Introduction and significance 

In the previous chapter, I showed that label-free optical imaging of cellular autofluorescence 

could discriminate between euploid and aneuploid ICM. I next investigated whether 

preservation of embryo by vitrification (embryo cryopreservation for future use) or 

paraformaldehyde-induced fixation (embryo fixation for use in research) has an impact on the 

metabolic state detected by optical imaging, which could alter determination of ploidy status. 

My results showed that autofluorescence was impacted by vitrification and fixation. Therefore, 

caution is warranted when using preserved embryos to measure metabolic state and predict their 

developmental potential. 

5.3 Publication 

This section is presented as “unpublished and unsubmitted work written in manuscript style” 

that will be submitted to Journal of Assisted Reproduction and Genetics by Tiffany C Y Tan, 

Darren J. X. Chow, Saabah B. Mahbub, Sanam Mustafa, Ewa M. Goldys, Kishan Dholakia and 

Kylie R. Dunning, The metabolic state of the murine preimplantation embryo is altered by 

vitrification and fixation.  
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Abstract 

Purpose 

Non-invasive assessment of embryo quality is a major focus of research to improve live birth 

rates following IVF. We have shown that label-free optical imaging of cellular autofluorescence 

reflects metabolism and discriminates between euploid and aneuploid embryos. However, the 

impact of embryo preservation methods on autofluorescence is not known. 

Methods 

Here we investigate whether metabolic changes detected by label-free imaging are impacted by 

vitrification (used clinically) or paraformaldehyde-induced fixation (used in research). 

Confocal microscopy was used to quantify the intensity of metabolic cofactors; NAD(P)H and 

FAD, with subsequent calculation of the optical redox ratio (ORR). We compared the metabolic 

state of fresh murine embryos with those that were fixed or vitrified-thawed. We used a model 

of poor embryo quality where embryos were treated with reversine at the 4- to 8-cell stage when 

reversine is known to induce random aneuploidy. Control and reversine-treated 8-cell 

blastomeres and blastocyst-stage embryos were imaged either immediately (fresh), or following 

fixation or vitrification-thawing. 

Results 

We found that the metabolic activity of reversine-treated blastomeres and blastocysts were 

significantly different from control. Following fixation, NAD(P)H and FAD were significantly 

decreased in control and reversine-treated embryos, resulting in a higher ORR. FAD was 

significantly increased in control and reversine-treated blastomeres post-vitrification. 

Following vitrification, there was an opposite trend in the relative intensity of NAD(P)H and 

FAD between control and reversine-treated blastocysts. 

Conclusion 
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Our results demonstrate that autofluorescence is impacted by fixation and cryopreservation. 

Caution is warranted when using preserved embryos to measure metabolic state and predict 

developmental potential. 

Key words: autofluorescence; vitrification and fixation; embryo assessment; non-invasive; 

cellular metabolism; optical imaging 
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Introduction 

The assessment of embryo developmental potential is a major focus of research to improve 

pregnancy and live birth outcomes in assisted reproductive technology (ART). Embryo 

metabolism is correlated with viability and is thus potentially a powerful route for improving 

ART outcomes [1]. Several analyses of embryo metabolism have been investigated for their 

capacity to determine developmental potential including oxygen consumption [2, 3], amino acid 

turnover [3-6], pyruvate and glucose uptake [7-9] and lactate production [10]. However, these 

methods have not been routinely implemented in the clinic, as they are technically challenging 

or lack sufficient reproducibility. Additionally, the assays used in these publications measure 

metabolism of the medium surrounding the embryo, rather than the embryo itself. As a result, 

it would be preferable to implement a method that directly measures the known metabolic 

heterogeneity which exists within embryos [11] and differences between the inner cell mass 

(ICM) and trophectoderm (TE) cell lineages [12]. This goal may be achieved with a non-

invasive optical approach. 

Assessment of cellular metabolism via label-free optical imaging is rising in popularity in 

the field of reproductive biology [13-20]. These approaches record and interpret intracellular 

autofluorescence which gives an insight into the inner biochemistry of a cell. A significant 

proportion of autofluorescence originates from the metabolic coenzymes – reduced 

nicotinamide adenine dinucleotide (NADH), reduced nicotinamide adenine dinucleotide 

phosphate (NADPH) and flavin adenine dinucleotide (FAD). However, NADH and NADPH 

have near identical spectral properties and hence, are collectively referred to as NAD(P)H [21, 

22]. These endogenous fluorophores can be quantified by optical imaging and used to calculate 

the optical redox ratio (ORR; [FAD/(FAD+NAD(P)H)]) [22, 23], which reflects the activity of 

the mitochondrial electron transport chain and is thus an indication of cellular metabolism [24]. 

Recently we have shown that optical imaging of such endogenous fluorophores using 

hyperspectral microscopy can identify the ploidy status of an embryo [25]. However, it is not 
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known whether preservation of embryos in the clinic or in research has in itself an impact on 

cellular metabolism (autofluorescence) which in turn could influence determination of ploidy 

status. Here, we investigate whether two key procedures (i) vitrification (common in clinical 

practice to preserve embryos) and (ii) fixation (common laboratory practice for research 

purposes), impact the recorded metabolic signature of an embryo. 

Clinically, there have been significant advancements in the cryopreservation of embryos, 

namely the use of vitrification instead of slow freezing [26, 27]. The success of cryopreservation 

is defined by the ability of the embryo to survive the thawing process, develop into a 

morphologically normal embryo and subsequently, implant and result in a live birth [28]. While 

clinical implementation of vitrification has significantly improved the success rate of 

cryopreservation [29], little is known about the impact of vitrification and thawing on embryo 

metabolism and cellular function. 

Mitochondria are essential organelles for metabolism, being responsible for more than 90% 

of ATP production via oxidative phosphorylation [30]. In various somatic cell types it has been 

shown that cryopreservation results in mitochondrial dysfunction and abnormal distribution of 

mitochondria [31-33], as well as reduced mRNA content [34] and disruption to the cytoskeleton 

[35, 36]. Importantly, one study reported that vitrification of human oocytes alters metabolism 

[37]. However, whether vitrification of embryos affects metabolic activity remains unknown. 

While vitrification is used clinically, fixation is commonly used in explorative research to 

preserve embryos for future studies. Fixation preserves tissues, cells and intracellular 

components in their current state by creating a network of biomolecules to link amino groups 

[38]. Paraformaldehyde-fixation has been associated with several downstream impacts on 

somatic cells including changes in mitochondrial morphology and structure [39-41] and 

relocalization of soluble proteins from the cytoplasm to other organelles [40]. Importantly, 

previous studies in muscle [42], brain tissue [43], human respiratory tissue [44] and HeLa cells 
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[45] have shown varying effects of fixation on autofluorescence. However, the impact of 

fixation on the metabolic state (autofluorescence) of embryos has not been explored. As label-

free optical imaging is increasingly utilized to understand the inner physiology of embryos, it 

is imperative to determine whether fixation alters its metabolic state.  

In the present study, we examined whether vitrification or fixation alters the metabolic state 

of embryos at the 8-cell and blastocyst-stages of development using label-free confocal 

microscopy. Confocal microscopy was chosen as it is the most ubiquitous optical imaging 

modality found in biological laboratories. The two stages of embryo development were chosen 

due to their clinical relevance – embryos are cryopreserved at both cleavage and blastocyst 

stages in the clinic [46]. Also, the metabolism of embryos is known to be different prior to, and 

post compaction [47] and may thus, be impacted by vitrification or fixation differently. We 

have previously shown that autofluorescence was altered when embryos were cultured in the 

presence of reversine [25], which is known to induce aneuploidy in the preimplantation embryo 

[48]. Our previous work has also confirmed that cellular autofluorescence can be used to discern 

between euploid and aneuploid embryos and is thus a promising diagnostic for non-invasive 

detection of aneuploidy in the inner cell mass [25]. As a step towards determining whether 

optical assessment for aneuploidy is impacted by preservation, here we determined whether 

embryos cultured in the presence or absence of reversine had altered autofluorescence profiles 

following vitrification or fixation. To the best of our knowledge, this is the first study to 

investigate the potential effect of vitrification and fixation on the metabolic profile of embryos. 

Materials and Methods 

Unless stated otherwise, all reagents were purchased from Sigma Aldrich (St. Louis, MO, 

USA). 

Animal ethics 
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Female (21-23 days) and male (6-8 weeks old) CBA x C57BL/6 first filial (F1) generation 

(CBAF1) mice were obtained from Laboratory Animal Services (LAS; University of Adelaide, 

SA, Australia) and maintained on a 12 h light:12 h dark cycle with rodent chow and water 

provided ad libitum. All experiments were approved by the University of Adelaide’s Animal 

Ethics Committee and were conducted in accordance with the Australian Code of Practice for 

the Care and Use of Animals for Scientific Purposes 

Media 

All gamete and embryo culture took place in media overlaid with paraffin oil (Merck Group, 

Darmstadt, Germany) in a humidified atmosphere of 5 % O2, 6 % CO2 with a balance of N2 at 

37 ˚C, with all media pre-equilibrated for at least 4 h prior to use. All handling procedures were 

performed at 37 ˚C. Mouse reproductive tissues were collected in Research Wash Medium 

(ART Lab Solutions, SA, Australia) supplemented with 4 mg/ml of low fatty acid bovine serum 

albumin (BSA; MP Biomedicals, AlbumiNZ, Auckland, NZ). Research Fertilization and 

Cleave Medium (ART Lab Solutions, SA, Australia), both supplemented with 4 mg/ml of low 

fatty acid BSA, were used for in vitro fertilization (IVF) and embryo culture respectively. 

Embryo vitrification and warming were carried out in Handling medium (HM): alpha Minimal 

Essential Medium (αMEM; Gibco by Life Technologies, CA, USA) supplemented with, and a 

final concentration of, 10 mM HEPES, 6 mM NaHCO3, 50 mg/L gentamicin sulfate, 5.56 mM 

glucose and 2 mM glutamax. Before use, HM was supplemented with 5 mg/ml low fatty acid 

BSA. 

Sperm Capacitation 

Male mice with proven fertility were culled by cervical dislocation 1 h prior to IVF. 

Spermatozoa were isolated from the vas deferens and caudal region of the epididymis in 1 mL 

of Research Fertilization Medium and allowed to capacitate for 1 h at 37 ˚C in a humidified 

atmosphere of 5 % O2, 6 % CO2 with a balance of N2. 
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Isolation of cumulus oocyte complexes (COCs) and in vitro Fertilization (IVF) 

Female mice were administered intraperitoneally (I.P.) with 5 IU equine chorionic 

gonadotrophin (eCG; Folligon; Braeside, VIC, Australia), followed by 5 IU (I.P.) of human 

chorionic gonadotrophin (hCG; Kilsyth, VIC, Australia) 48 h later. Mice were culled by 

cervical dislocation 14 h post-hCG administration, and the oviducts were collected in Research 

Wash Medium. Ovulated cumulus-oocyte complexes (COCs) were isolated by gently 

puncturing the ampulla with a 29-gauge needle (Terumo Australia Pty Ltd, NSW, Australia). 

Expanded COCs were co-cultured with 10 µl of capacitated spermatozoa for 4 h at 37 ˚C in a 

humidified atmosphere of 5 % O2, 6 % CO2 with a balance of N2. Resultant presumptive zygotes 

were transferred to Research Cleave Medium (in groups of 10; 2 µl medium per embryo) and 

cultured overnight. Fertilization rate was scored 24 h later, with 2-cell embryos moved to a new 

drop of cleave medium for subsequent development.  

Generation of chimeric and reversine-treated embryos  

Reversine was used during the 4- to 8-cell division as it is known to induce aneuploidy in 

the pre-implantation embryo at an average rate of 50% [48]. Briefly, embryos were cultured in 

the absence or presence of reversine diluted in Research Cleave Medium during the 4- to 8-cell 

division at 37 ̊ C in a humidified atmosphere of 5 % O2, 6 % CO2 with a balance of N2. Resultant 

8-cell embryos were placed in 0.05 % pronase diluted in MOPS for the removal of the zona 

pellucida. Individual blastomeres were then separated using a STRIPPER Micropipette Handle 

(CooperSurgical, Trumbull, CT, USA) fitted with a 35 µM biopsy pipette (TPC micropipettes; 

CooperSurgical, Trumbull, CT, USA) in calcium and magnesium free medium (Research Wash 

Medium without the addition of calcium and magnesium) supplemented with 4 mg/ml low fatty 

acid BSA. Individual blastomeres were then washed in Research Wash medium and either 

imaged immediately or reaggregated in Research Cleave Medium supplemented with 2 % 

Phytohemagglutinin, M (ThermoFisher Scientific, Waltham, MA, USA). Agglutinated 8-cell 
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embryos were then cultured overnight at 37 ˚C in a humidified atmosphere of 5 % O2, 6 % CO2 

with a balance of N2 to generate control and reversine-treated blastocyst-stage embryos. 

Embryos were observed again after 16 h, and included in the study if all 8 blastomeres were 

aggregated and the embryo had developed to the morula-stage. 

Fixation  

Eight-cell blastomeres and blastocysts were fixed in 4% paraformaldehyde (PFA) diluted 

in phosphate buffered saline (PBS) for 30 min at room temperature. Following fixation, 

embryos were washed twice in PBS containing 0.3 mg/ml of polyvinyl alcohol (PBV; PVA in 

PBS) and imaged immediately. 

Embryo Vitrification and Thawing 

We utilized a solid surface system (SSV), the CryoLogic vitrification method (CVM) for 

vitrification of 8-cell and morula embryos at 37 ˚C. A NUNC 4-well dish (ThermoFisher 

Scientific, Waltham, MA, USA) was set up with 600 µl of HM, equilibration solution (ES; HM 

supplemented with 10 % ethylene glycol (EG) and 10% DMSO) and vitrification solution (VS; 

HM supplemented with 16 % EG, 16 % DMSO and 0.5 M sucrose). Media were pre-warmed 

to 37 ̊ C prior to vitrification. Eight-cell or morula-stage embryos were washed in HM, followed 

by washing in ES for 3 min. Embryos were then transferred into a 20 µl drop of VS for 30 s 

before being loaded onto a plastic Fibreplug (Cryologic,Pty. Ltd, VIC) and immediately 

vitrified, followed by storage in liquid nitrogen. 

For embryo thawing, a 4-well dish was set up with 600 µl of HM supplemented with 

decreasing concentrations of sucrose (0.3 M, 0.25 M, 0.15 M) that were prewarmed to 37 °C. 

Storage straws containing 8-cell or morula-stage embryos were kept immersed in liquid 

nitrogen prior to use. The fibreplug was removed from the straw and quickly submerged in HM 

with 0.3 M sucrose for no more than 30 s, followed by transfer to decreasing concentrations of 
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sucrose for 5 min each. Embryos at the 8-cell stage were recovered in Research Cleave Medium 

for 2 h at 37 ˚C in a humidified atmosphere of 5 % O2, 6 % CO2 with a balance of N2 before 

dissociation into individual blastomeres as described above. Morula-stage embryos were 

transferred to Research Cleave Medium and cultured overnight until they reached the blastocyst 

stage. Survival of blastocyst-stage embryos was assessed morphologically, based on the 

presence of an inner cell mass and blastocoel cavity. Individual blastomeres and blastocysts 

were then imaged using confocal microscopy. 

Measurement of metabolic co-factors and optical redox ratio in embryos using two-channel 

laser scanning confocal microscopy 

For the fixation cohort, 8-cell stage embryos were dissociated then imaged either 

immediately (fresh) or following paraformaldehyde-fixation. Blastocyst-stage embryos were 

imaged either immediately (fresh) or following paraformaldehyde-fixation. 

For the vitrification-thawing cohort, dissociated 8-cell stage blastomeres were either imaged 

immediately (fresh) or following vitrification-thawing. Fresh or vitrified-thawed morula-stage 

embryos were allowed to develop to the blastocyst-stage prior to imaging.  

The intensity of coenzymes NAD(P)H and FAD were measured in 8-cell blastomeres and 

blastocyst-stage embryos using confocal microscopy. Embryos were imaged in either 2 µl drops 

of Research Wash Medium (for fresh and vitrified-thawed embryos) or PBV (for fixed embryos) 

in glass bottom confocal dishes (Ibidi, Martinsried, Planegg, Germany), overlaid with paraffin 

oil. 

As described above, NADH and cytosolic NADPH share similar spectral properties which 

make separation of these molecules difficult and are thus collectively referred to as NAD(P)H 

[21, 22]. Autofluorescence intensity indicative of the NAD(P)H and FAD content was detected 

using an Olympus FV3000 Confocal Laser Scanning microscope (Olympus, Tokyo, Japan). All 
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embryos were excited at a wavelength of 405 nm (Emission Detection Wavelength: 430 nm to 

470 nm) for NAD(P)H (referred to as: NADP(H) channel), and excited at a wavelength of 488 

nm (Emission Detection Wavelength: 500 nm to 600 nm) for FAD (referred to as: FAD channel) 

[11]. Image acquisition occurred at 60x magnification, numerical apperature equal to NA = 1.4, 

with a single z-plane chosen at the widest point of the embryo. Imaging parameters were kept 

constant between experimental replicates and treatment groups. Fluorescence intensity was 

measured using Image J software (National Institute of Health). The optical redox ratio (ORR) 

was calculated using the intensity of FAD channel divided by the sum of intensity of NAD(P)H 

and FAD channels (ORR = FAD / (NAD(P)H + FAD) [23]. 

Statistical analysis 

All statistical analyses were carried out using GraphPad Prism Version 9 for Windows 

(GraphPad Holdings LLC, CA, USA). Data were subjected to normality testing using 

D’Agostino-Pearson Omnibus normality test prior to analysis. An unpaired t-test was 

performed for normally distributed data, whilst a Mann-Whitney was used for data that did not 

follow a normal distribution (as described in the legend of Figure 1). For Figures 2 – 5, a two-

way ANOVA with Tukey’s multiple comparison test was used. Statistical significance was set 

at P-value < 0.05. All data are presented as mean ± standard error of mean (SEM). 

Results 

The effect of reversine on metabolism in 8-cell blastomeres and blastocyst-stage embryos 

Our previous study showed that hyperspectral microscopy was able to detect reversine-

induced changes in autofluorescence in cleavage and blastocyst-stage embryos [25]. Here we 

determined whether two-channel laser scanning confocal microscopy could detect differences 

in the metabolic co-factors, NAD(P)H and FAD, in embryos that were cultured in the absence 

or presence of reversine during the 4- to 8-cell division [48]. The optical redox ratio (ORR) was 

calculated and presented as an indicator of overall cellular metabolic activity. Embryos were 
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assessed at two developmental stages: cleavage (8-cell blastomeres) and blastocyst-stage 

embryos. We found that reversine treatment significantly decreased the intensity of NAD(P)H 

in 8-cell blastomeres compared to control (Figure 1a, P < 0.0001). In contrast, the intensity of 

FAD was significantly higher in reversine-treated 8-cell blastomeres compared to control 

(Figure 1b, P < 0.0001). These changes led to a significantly higher ORR in reversine-treated 

blastomeres (Figure 1c, P < 0.0001). The intensity of both NAD(P)H and FAD were 

significantly lower in the inner cell mass (ICM) of reversine-treated blastocysts compared to 

control (Figure 1d and e, respectively, P < 0.01). However, the ICM of control and reversine 

treated blastocysts had similar, and not significantly different ORR (Figure 1f). 

The impact of fixation on metabolic state in 8-cell blastomeres 

Reversine treatment resulted in a significantly reduced intensity of NAD(P)H in fresh 

blastomeres compared to control (Figure 2a, P < 0.0001), but this difference was not observed 

in fixed blastomeres. Following fixation, the intensity of NAD(P)H was significantly less in 

both control and reversine-treated blastomeres compared to their fresh counterparts (Figure 2a, 

P < 0.0001, control/fresh vs control/fixed; reversine/fresh vs reversine/fix). The level of FAD 

was significantly increased by reversine treatment in fresh blastomeres (Figure 2b, P < 0.0001). 

However, the opposite was observed following fixation, with reversine-treated blastomeres 

having significantly lower levels of FAD compared to fixed control blastomeres (Figure 2b, P 

< 0.001). The process of fixation resulted in significantly lower autofluorescence signals for 

FAD in both control (Figure 2b, P < 0.001) and reversine-treated blastomeres (Figure 2b, P < 

0.0001) compared to their fresh counterparts. The ORR of fresh blastomeres was significantly 

higher in reversine-treated blastomeres compared to control (Figure 2c, P < 0.0001). This 

difference was not seen in fixed blastomeres. Overall, the ORR was significantly higher in 

control and reversine-treated blastomeres compared to fresh (Figure 2c, P < 0.0001). 
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Figure 1 
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Figure 1 Metabolic activity in the preimplantation embryo is altered by reversine. 

Embryos were cultured in the absence or presence of reversine during the 4- to 8-cell division. 

Individual blastomeres (8-cell-stage: a-c) and blastocyst-stage embryos (d-f) were imaged 

using a two-channel laser scanning confocal microscope to quantify the intensity of NAD(P)H 

(a and d) and FAD (b and e). The optical redox ratio (FAD / [NAD(P)H + FAD]) was also 

calculated (c and f). Data were analyzed by a two-tailed unpaired t-test (a, b, d) or Mann-

Whitney test (c, e and f). Data are presented as mean ± SEM, 3 independent experimental 

replicates; 8-cell blastomeres: n = 244 for control, n = 274 for reversine; D5 blastocysts: n = 70 

for control, n = 68 for reversine. * P < 0.05, ** P < 0.01, *** P < 0.001
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Figure 2  



 

148 

 

 

Figure 2 Fixation alters metabolic changes in control and reversine-treated blastomeres. 

Control and reversine-treated blastomeres (8-cell stage) were generated and imaged as 

described in Materials and Methods. Metabolism was measured in fresh and fixed blastomeres 

by quantifying the intensity of NAD(P)H (a) and FAD (b). The optical redox ratio (FAD / 

[NAD(P)H + FAD]) was also calculated as indicator of metabolic activity (c). Data were 

analyzed by a two-way ANOVA with Tukey’s multiple comparison test. Data are presented as 

mean ± SEM, 3 independent experimental replicates; fresh : n = 244 for control, n = 274 for 

reversine; fixed: n = 150 for control, n = 181 for reversine. *** P < 0.001, **** P < 0.0001.  
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The impact of fixation on metabolic state of the inner cell mass of blastocysts 

Next, we determined whether fixation altered the metabolic state in the ICM of blastocyst-

stage embryos. For fresh blastocysts, reversine treatment significantly decreased the intensity 

of NAD(P)H compared to control (Figure 3a, P < 0.01). However, there was no difference in 

the intensity of NAD(P)H in fixed; control and reversine-treated blastocysts (Figure 3a). Similar 

to blastomeres, fixation significantly reduced the intensity of NAD(P)H in the ICM of control 

and reversine-treated blastocysts compared to their fresh counterparts (Figure 3a, P < 0.0001, 

control/fresh vs control/fixed; reversine/fresh vs reversine/fix). Similar changes were observed 

for FAD, with fixation causing a significant reduction in both control and reversine-treated 

blastocysts compared to fresh (Figure 3b, P < 0.0001, control/fresh vs control/fixed; 

reversine/fresh vs reversine/fix). The changes in NAD(P)H and FAD intensity in response to 

fixation led to a significantly higher ORR when comparing fresh vs fixed within a treatment 

group (Figure 3c, P < 0.001). 

The effect of vitrification on metabolism in 8-cell blastomeres 

In a separate cohort of embryos, we determined whether metabolism was altered by 

vitrification. There were no differences in NAD(P)H intensity between control and reversine-

treated blastomeres when imaged fresh or following vitrification/thawing (Figure 4a). However, 

following vitrification, reversine-treated blastomeres showed significantly higher NAD(P)H 

intensity compared to fresh reversine-treated blastomeres (Figure 4a, P < 0.0001). Similarly, 

no differences in FAD intensity were observed between control and reversine-treated 

blastomeres when imaged fresh or following vitrification and thawing (Figure 4b). The intensity 

of FAD was significantly higher in both control and reversine-treated blastomeres following 

vitrification/thawing compared to their fresh counterparts (Figure 4b, P < 0.0001, control/fresh 

vs control/vitrified-thawed; reversine/fresh vs reversine/vitrified-thawed). Interestingly, 
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Figure 3 
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Figure 3 Fixation alters metabolic changes in the inner cell mass of control and reversine-

treated blastocysts. Control and reversine-treated blastocysts were generated and imaged as 

described in Materials and Methods. Blastocyst-stage embryos were imaged with the field of 

view adjusted to focus on the inner cell mass. The intensity of NAD(P)H) (a) and FAD (b) were 

quantified. The optical redox ratio (FAD / [NAD(P)H + FAD]) was also calculated as indicator 

of metabolic activity (c). Data were analyzed by two-way ANOVA with Tukey’s multiple 

comparison test. Data presented as mean ± SEM, 3 independent experimental replicates; fresh : 

n = 70 for control, n = 68 for reversine; fixed : n = 58 for control, n = 61 for reversine. ** P < 

0.01, **** P < 0.0001.  
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Figure 4 
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Figure 4 Vitrification alters the metabolic profile of control and reversine-treated 

blastomeres. Control and reversine-treated blastomeres (8-cell stage) were generated and 

imaged as described in Materials and Methods. Metabolism was measured in fresh and 

vitrified-thawed blastomeres by quantifying the intensity of NAD(P)H (a) and FAD (b). The 

optical redox ratio (FAD / [NAD(P)H + FAD]) was also calculated as indicator of metabolic 

activity (c). Data were analyzed by a two-way ANOVA with Tukey’s multiple comparison test. 

Data presented as mean ± SEM, 3 independent experimental replicates; fresh: n = 281 for 

control, n = 362 for reversine-treated; vitrified-thawed: n = 116 for control, n = 239 for reversine. 

*** P < 0.001, **** P < 0.0001.  
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reversine treatment resulted in a significantly higher ORR compared to control in fresh 

blastomeres (Figure 4c, P < 0.001). However, this effect was lost following vitrification and 

thawing (Figure 4c). In reversine-treated blastomeres, the ORR was significantly lower 

following vitrification and thawing compared to fresh (Figure 4c, P < 0.0001). 

The impact of vitrification on metabolism in the inner cell mass of blastocysts 

We next determined whether vitrification has an impact on metabolism in blastocyst-stage 

embryos, specifically within the ICM. Compared to control, reversine treatment led to a 

significant reduction in the intensity of NAD(P)H in the ICM of fresh blastocysts (Figure 5a, P 

< 0.05). However, this difference was not observed in vitrified-thawed blastocysts (Figure 5a). 

Conversely, reversine treated blastocysts had significantly higher intensity of FAD in the ICM 

of vitrified-thawed blastocysts compared to control-vitrified-thawed (Figure 5b, P  < 0.05), with 

no difference seen in fresh blastocysts. No differences in ORR were observed for the ICM of 

control and reversine-treated blastocysts (Figure 5c). 

Discussion 

The use of label-free optical imaging to determine embryo developmental potential is 

increasing in popularity [1, 11, 14-18, 20, 25]. Thus, it is crucial to understand whether cellular 

metabolism (autofluorescence) is impacted by preservation procedures, namely vitrification 

(used clinically) and fixation (used in laboratory research). Using a laser scanning confocal 

microscopy to quantify the intensity of metabolic co-factors; NAD(P)H and FAD, the present 

study demonstrates that the metabolic state of embryos was altered by vitrification and fixation 

at the 8-cell and blastocyst-stages of embryo development. A summary of these findings is 

shown in Figure 6. 

At the 8-cell stage, reversine treatment was associated with an altered intensity of metabolic 

co-factors and a higher ORR, which is suggestive of an increase in oxidative phosphorylation. 

This assumption is corroborated by the significantly higher levels of FAD, indicative of  
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Figure 5. Vitrification alters metabolic differences between control and reversine-treated 

blastocysts (inner cell mass). Control and reversine-treated blastocysts were generated and 

imaged as described in Materials and Methods. Blastocyst-stage embryos were imaged with 

the field of view adjusted to focus on the inner cell mass. The intensity of NAD(P)H) (a) and 

FAD (b) were quantified. The optical redox ratio (FAD / [NAD(P)H + FAD]) was also 

calculated as indicator of metabolic activity (c). Data were analyzed by a two-way ANOVA 

with Tukey’s multiple comparison test. Data presented as mean ± SEM, 3 independent 

experimental replicates; fresh : n = 96 for control, n = 75 for reversine; vitrification-thawed: n 

= 86 for control, n = 67 for reversine. * P < 0.05.
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Figure 6. Graphical abstract. An illustration summarising the main effects of vitrification and 

fixation on the intensity of NAD(P)H, FAD and ORR in eight-cell and blastocyst-stage murine 

embryos.
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increased oxidative phosphorylation as FAD is produced by an active electron transport chain 

[22, 49]. Interestingly, the metabolic changes induced by reversine were no longer observable 

in both cleavage and blastocyst stage embryos following fixation. Paraformaldehyde fixation 

works by creating a network of biomolecules to link amino groups. The overall reduction of 

autofluorescence in embryos following fixation seen in this study is in agreement with other 

studies on somatic cell types [40, 44, 45]. Previous studies have shown that fixation alters cell 

morphology [50], localization and intensity of proteins [51-53] and morphology of 

mitochondria [39]. Whether similar structural changes in mitochondria occur following fixation 

of embryos is not known. Therefore, loss of autofluorescence following fixation, may in part 

be due to an alteration of mitochondria structure. Conversely, other studies on muscle tissue 

and HeLa cells show that alternative forms of fixation are associated with higher levels of 

NAD(P)H and FAD autofluorescence [42, 45]. Nevertheless, the data shown herein on embryos, 

and previous work on somatic cells, clearly demonstrate that paraformaldehyde-fixation should 

not be used when quantifying the metabolic state of embryos. 

Vitrification of embryos at the cleavage stage of development led to significantly higher 

levels of metabolic fluorophores in control and reversine-treated embryos compared to their 

fresh counterparts. Additionally, the significant difference in ORR between fresh control and 

reversine-treated cleavage stage embryos was no longer observed following vitrification and 

thawing. In contrast, vitrification had less of an impact on metabolic co-factors in blastocyst-

stage embryos, although the relative intensity between control and reversine treated blastocysts 

was reversed following vitrification (i.e. lower FAD in fresh reversine-treated blastocysts 

compared to control vs significantly higher FAD in reversine-treated blastocysts compared to 

control post vitrification). The smaller effect of vitrification on the blastocyst-stage embryo  

may potentially be due to the known differences in metabolism: cleavage stages rely on 

oxidative phosphorylation and the blastocyst stage on glycolysis [47]. 
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Following vitrification/thawing, reversine-treated blastocysts had significantly higher 

levels of FAD compared to control, which was not observed in fresh blastocysts. This may be 

attributed to an increase in ATP demand due to multiple stressors: aneuploidy and 

vitrification/thawing. This speculation is supported by a study which found that somatic cells 

had increased FAD when exposed to a stressful environment of elevated ROS [54]. Further 

support is provided by the “quiet embryo hypothesis”, which proposes that embryos are more 

metabolically active in response to stress as they attempt to carry out rescue strategies [55, 56]. 

This reasoning for elevated FAD post-reversine treatment and vitrification in embryos will 

require confirmation in future studies where ploidy status is verified. 

It is important to note the intensity of NAD(P)H captured here may potentially be a mixture 

of both NADH and cytosolic NADPH due to their near identical spectral properties [21, 22]. 

Therefore, the higher levels of NAD(P)H in cleavage stage embryos following vitrification and 

thawing could be due to: (1) an increase in NADH to generate ATP through oxidative 

phosphorylation [22], or (2) accumulation of cytosolic NADPH from the pentose phosphate 

pathway in response to increased oxidative stress [57]. Supporting this, the freeze-thaw process 

is associated with supraphysiological levels of ROS in embryos [58-60]. 

In contrast to the current study, we observed an overall opposite trend in FAD and 

NAD(P)H intensity in control and reversine-treated embryos in our previous study that 

employed hyperspectral imaging and unmixing [25]. The excitation wavelengths and captured 

emission in confocal imaging used here and in other studies [11, 61] likely records fluorescence 

from additional endogenous fluorophores with similar spectral properties to FAD and 

NAD(P)H [22]. Thus, some of the quantified autofluorescence in the current study may not 

entirely be attributed to NAD(P)H or FAD. Future studies could consider more advanced forms 

of optical imaging that specifically identify individual metabolic co-factors, such as 

hyperspectral imaging with unmixing [62], or fluorescence life-time imaging [1]. This would 
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enable a more detailed study of the impact of vitrification on cellular autofluorescence and 

metabolism. 

It is important to note that the present study was performed in a mouse model, and thus 

direct correlation with human embryos necessitates caution. In conclusion, the data presented 

here show that the metabolic state of embryos was altered following preservation. Future work 

utilizing label-free optical imaging for determining embryo developmental potential should 

consider the potential impact of preservation procedures. 
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Chapter 6  

Discussion and future directions 
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6.1 Significance and clinical relevance  

One of the long-term goals of ART is to develop a method that selects an embryo with the 

highest developmental potential to maximise the chance of achieving a healthy live birth. 

Despite the publication of a diverse array of embryo selection methods, including morphology 

assessment (Ebner, et al., 2003), biomarkers (proteomics and metabolomics) (Katz-Jaffe, et al., 

2009, Krisher, et al., 2015), and cell biopsy for genetic screening (Chen, et al., 2015, Dahdouh, 

et al., 2015a), the success rate of IVF has remained stagnant for the past five years (Newman, 

et al., 2021). While these selection methods have shown potential in predicting embryo 

development to the blastocyst-stage, they cannot predict whether an embryo will result in 

pregnancy following transfer. 

Cellular metabolism of oocytes and embryos has been widely interrogated as an indicator 

of developmental competence (Gardner and Wale, 2013). However, current available 

metabolic assays may fail to accurately predict oocyte and embryo quality, as they measure 

metabolism of the whole COC or embryo, and thus do not measure the known metabolic 

heterogeneity that exist within. The studies described in this thesis demonstrate the power of 

label-free optical imaging to detect metabolic differences between cellular compartments of a 

COC and between cells within an embryo and may predict developmental potential.  

6.2 The use of optical imaging to detect metabolic changes 

associated with oocyte and embryo quality 

In this thesis, I investigated whether label-free optical imaging using hyperspectral 

microscopy could quantify metabolic changes associated with oocyte and embryo quality by 

using (1) a model of poor oocyte quality (inhibition of fatty acid metabolism during IVM) and 

(2) a model of poor embryo quality (aneuploidy). Hyperspectral microscopy was employed due 

to its ability to capture metabolic cofactors NAD(P)H and FAD, providing an overall indication 
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of metabolic activity via the ORR (FAD / [NAD(P)H + FAD]). Importantly, this approach uses 

a low power density (energy) for image acquisition, which likely does not cause photodamage 

to the oocyte and embryo, making this approach clinically viable. 

In Chapter 3, I confirmed that label-free optical imaging of metabolic cofactors is a robust 

measurement of metabolic changes in the COC. Additionally, this approach provided spatial 

information on the separate oocyte and cumulus cell compartments, which is not possible using 

the gold standard methodology (oxygen consumption rate). Following this, label-free optical 

imaging using hyperspectral microscopy was shown to detect metabolic changes in the COC 

following inhibition of fatty acid metabolism during IVM. For future work, it would be of 

interest to perform studies that further investigate safety as well as the capacity of this optical 

imaging approach to detect developmental competence by assessing pregnancy rate and foetal 

health following embryo transfer. 

Following the promising results demonstrated in the COC, Chapter 4 investigated whether 

this optical approach could discern between euploid and aneuploid embryos. To date, current 

clinical tools to detect aneuploidy rely on either an inaccurate proxy (“spent” media) or an 

invasive procedure (embryo biopsy) to diagnose the ploidy status of an embryo. However, these 

tools fail to provide an accurate diagnosis of the absence or presence of aneuploid cells within 

the ICM (foetal cell lineage) due to embryo mosaicism. My findings showed that hyperspectral 

microscopy was able to robustly detect metabolic differences between euploid and aneuploid 

ICM, demonstrating a potential and non-invasive route for ploidy analysis of embryos. 

Additionally, in Chapter 5, I showed that routinely used preservation procedures (vitrification 

and paraformaldehyde-induced fixation) have an impact on the metabolic state of embryos. 

Thus, caution is warranted when using preserved embryos, either clinically or in research, to 

measure metabolic state and when developing diagnostic tools to predict developmental 
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potential. My results thus far demonstrate the potential of label-free optical imaging to detect 

metabolic changes associated to oocyte and embryo quality.  

6.3 Future Directions  

6.3.1 Artificial intelligence to predict the quality of oocytes and embryos 

One of the potential challenges faced with label-free optical imaging is the large amount of 

biologically relevant and quantitative information that can be extracted from images acquired. 

Artificial intelligence (AI) may complement optical imaging by offering the ability to train and 

process large amounts of data in a relatively short timeframe (Chow, et al., 2021). AI refers to 

machines that aim to mimic human or animal cognitive capacity. In recent years, AI performed 

on brightfield images has attempted to predict IVF success by applying AI to sperm, oocyte 

and embryo selection (Manna, et al., 2013, You, et al., 2021). Overall, AI represents a powerful 

opportunity for the field and IVF clinics may adopt this in the future.  

In Chapter 4, I was able to achieve good separation between euploid and aneuploid human 

fibroblast cells and ICM of mouse blastocysts with an accuracy greater than 95%. This was 

achieved by applying mathematical algorithms in the form of feature analysis to the 

autofluorescence data. The aim of feature extraction is to use different methods to select bands 

or features that are information rich to reduce the redundancy of data. Typical spectral feature 

extraction algorithms use dimensionality reduction methods such as principal component 

analysis (PCA) which extracts spectral features of hyperspectral images through linear 

transformation. For our purposes, autofluorescence is recorded through hyperspectral imaging. 

The ICM of embryos were segmented out of their images and processed to generate multiple, 

mathematically defined cellular features that capture key aspects of cell spectra and patterns in 

their images. These images record different aspects of cell spectra and patterns including (i) 

average intensity of the autofluorescence signal for each cell, (ii) the ratios of average channel 
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intensities for each pair of channels and (iii) additional spatial, frequency, spectral, geometric, 

morphological and statistical information. Extending to the use of such multiple features from 

the data set was central to our analyses. Thus, results extracted from hyperspectral microscopy 

could potentially be detecting subtle metabolic differences between cells. This is important 

when studying cellular metabolism of the oocyte and embryo as we know that metabolic 

heterogeneity exists within these group of cells. For future work, it would be valuable to 

determine whether this approach is able to discriminate between embryos with different 

proportions of aneuploid cells. This is important as animal studies indicate that mosaic embryos 

will still result in a successful pregnancy depending on the proportion of aneuploid cells 

(Bolton, et al., 2016). 

6.3.2 Other potential imaging modalities  

The development of the early embryo from a single cell zygote to a multicellular organism 

requires spatial and temporal resolution to gain better insight into the morphogenesis that 

occurs (Luengo-Oroz, et al., 2011). In this thesis, I have demonstrated the capacity of 

hyperspectral microscopy to detect metabolic changes associated with oocyte and embryo 

quality. However, spatial information was limited as all images were acquired in 2-dimensions, 

with hyperspectral microscopy using an epifluorescence approach. Additionally, this approach 

was unable to separate signals from NADH and NADPH due to their similar spectral properties, 

and were collectively referred to as NAD(P)H (Rehman, et al., 2017). Capturing a wide range 

of endogenous fluorophores with different spectral properties requires a relatively long image 

acquisition time (~10 mins). Nonetheless, we have shown that this extended image acquisition 

time does not harm the genetic integrity of the embryo or subsequent developmental potential 

(Chapter 4). 

An alternative imaging modality with the capacity for 3D imaging is fluorescence lifetime 

imaging microscopy (FLIM). It may offer a more sensitive approach to detect metabolic 
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cofactors by measuring the time a fluorophore remains in an excited state before being emitted, 

allowing the discrimination between bound- and free-NADH, and separating the NADH 

fluorescence from NADPH (Drozdowicz-Tomsia, et al., 2014, Sanchez, et al., 2019). Indeed, 

in reproductive medicine, research using FLIM has proven successful in assessing oocyte and 

embryo metabolism (Munne, et al., 2019, Sanchez, et al., 2019, Sanchez, et al., 2018). However, 

FLIM requires the use of complex lasers and detection electronics for image acquisition, 

making it challenging for clinical translation. For future work, it would be informative to 

perform a side-by-side comparison between FLIM and hyperspectral imaging using the same 

COC or embryo to cross-validate these imaging modalities.  

6.3.3 Safety 

It is paramount to determine the safety of any imaging modality use to image the oocyte or 

embryo. This is because existing literature shows that light exposure can be detrimental to 

embryo development and lead to increased levels of DNA damage (Bognar, et al., 2019, 

Squirrell, et al., 1999, Takenaka, et al., 2007). The assessments of safety performed in this 

thesis show that hyperspectral imaging has no impact on embryo development, level of DNA 

damage or subsequent post-natal outcomes. This indicates that hyperspectral imaging of the 

preimplantation embryo is safe. However, this conclusion is based on preliminary safety 

assessments using a mouse model and thus, further evaluation of offspring health, as well as 

validation in larger animal species, is necessary before implementation in the IVF clinic.   

6.4 Summary  

Collectively, my work showed that hyperspectral microscopy is an accurate and non-

invasive approach to assess metabolism of oocytes and embryos. However, there are challenges 

to overcome prior to implementation in the IVF clinic. Moving forward, a more extensive 

evaluation of optical imaging as an assessment tool will require additional refinement and 
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validation on discarded or donated human embryos to correlate their spectral profile with 

confirmed ploidy status (sequencing). Nonetheless, in this thesis I have demonstrated that 

hyperspectral microscopy is a potential diagnostic tool to detect aneuploidy in the embryo, 

circumventing the need for an invasive biopsy. I believe this work is an important step towards 

the ultimate goal of ensuring IVF patients achieve a successful outcome of a healthy baby in 

fewer treatment cycles.  
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