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Abstract

This paper presents the development of a multi-sensor platform capable of simultaneous
measurement of dissolved oxygen (DO) concentration, glucose and lactate concentrations in a
micro-chamber for real-time evaluation of metabolic flux in bovine embryos. A micro-chamber
containing all three sensors (DO, glucose, and lactate) was made to evaluate metabolic flux of
single oocytes or embryos at different stages of development in <120 pL of respiration buffer. The
ability of the sensor to detect a metabolic shift from oxidative phosphorylation (OXPHQOS) to
glycolysis was demonstrated in embryos by an ablation of oxygen consumption and an increase in
lactate production following addition of oligomycin, an inhibitor of mitochondrial adenosine
triphosphate (ATP) synthesis. An increased reliance upon glycolysis relative to OXPHOS was
demonstrated in embryos as they developed from morula to hatched blastocysts by a progressive
increase in the lactate/oxygen flux ratio, consistent with isolated metabolic assessments reported
previously. These studies highlight the utility of a metabolic multi-sensor for integrative real-time
monitoring of aerobic and anaerobic energy metabolism in bovine embryos, with potential
applications in the study of metabolic processes in oocyte and early embryonic development.
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1. Introduction

The metabolic activity of a cell is closely linked to its activity and viability (Lee et al.,
2009). The rate of cellular oxygen consumption is routinely used as an indicator of
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mitochondrial ATP production, and is often associated with changes in organismal health
and phenotype (Eisenreich et al., 2013; DeBerardinis et al., 2008). However, cellular ATP
production is accomplished by both aerobic and anaerobic pathways. In the aerobic pathway
via oxidative phosphorylation (OXPHOS), cells catabolize glucose and other metabolic
substrates to CO, and water using oxygen to generate ATP in mitochondria. In the primary
anaerobic pathway (glycolysis), cells generate ATP by the catabolism of glucose in the
cytosol, releasing lactate as a byproduct (Yotter and Wilson, 2004). Shifts in cellular energy
demand or substrate availability can alter the balance of these pathways and potently
influence cell phenotype in health and disease (Goodpaster and Sparks, 2017; Obre and
Rossignol, 2015). Therefore, a thorough understanding of cellular metabolic status and its
functional implications requires assessment of both oxidative metabolism and glycolysis.

While several experimental modalities have been developed to monitor these pathways
individually in cell suspensions and cultures (Pike Winer and Wu, 2014; Divakaruni et al.,
2014), simultaneous measurement is more challenging. Moreover, the development of
sensing techniques to analyze metabolism at the single cell level is increasingly desirable to
overcome the complexities of cellular heterogeneity in small tissue samples or primary cell
cultures, which presents additional challenges. Single-cell characteristics play a key role in
determining population characteristics and the transient dynamics that lead to future cell
expression and behavior at a population level (Vanhove et al., 2013; DeBerardinis et al.,
2008). Accordingly, the development of new techniques for measuring integrated metabolic
flux in single cells could have wide applications in exploring directed evolution, drug
toxicity, and cancer biology (Ryan and Robards, 2006; Christofk et al., 2008).

Sensors with sensitivity at the single-cell level are also necessary for studies of organisms
composed of a single or small number of cells, such as embryos during early development
(Gardner et al., 2001; Gardner et al., 2013). Current methods used for selecting embryos in
clinical in vitro fertilization (IVF) programs are stage-specific morphologic markers and
grading systems (Ebner et al., 2003a). However, such methods are subjective and not
optimal for reliably assessing the physiological status of the embryo, and they correlate
poorly with subsequent developmental competence fluorometric enzymatic assays
(Thompson et al., 1996).

Scanning electrochemical microscopy (SECM) provides a noninvasive means of studying
the metabolism of single cells by measuring oxygen (Shiku et al., 2004; Shiku et al., 2007),
glucose, and lactate (Ciobanu et al., 2008). Although this method shows high sensitivity, one
of its drawbacks is its complexity. SECM requires placing the microelectrode adjacent to
embryo under an inverted microscope using complex instrumentation to micro-manipulate
the probe with high precision during the measurement process. This process introduces
potential variability and requires specialized training for proper operation. Commercially
available instruments such as Agilent Extracellular Flux Analyzer are popular for measuring
oxygen consumption and extracellular acidification rate (ECAR) in cell cultures (Van der
Windt et al., 2016; TeSlaa and Teitell, 2014). ECAR is an indirect index of glycolysis in cell
cultures. However, these analyzers are extremely expensive and are incapable of single-cell
level resolution.
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This paper presents the development of a microfabricated multi-sensor system for real-time
measurement of aerobic and anaerobic energy metabolism in single cells. The capabilities of
this system were demonstrated by monitoring changes in glycolytic flux and mitochondrial
respiration of single bovine embryos following pharmacological inhibition and during
development from morula to hatch blastocysts. The micro-chamber design enables the
sensors to measure tiny changes in analyte concentration from 0.001 to 10 fmol/s with high
specificity comparable to published values using other methods (Sugimura et al., 2012;
Santos et al., 2017). Potential applications of this integrated multi-sensor system include
non-invasive monitoring of oocyte and embryo metabolism during development to improve
outcomes in assisted reproductive technologies, and the biological study of single-cell
energetics relevant to the fields of cancer and microbiology.

2. Materials and Methods

2.1 Materials and Reagents

SU8-2050 and SU8 developer were purchased from MicroChem Corp (MA, USA).
Megaposit MF —26A developer and S1813 photoresist were purchased from Capitol
Scientific, Inc (Austin, TX). Glass substrates, 5% w/w Nafion perfluorinated resin, glucose
oxidase (GOx), lactate oxidase (LOx), D- (+)-glucose, sodium L-lactate, phosphate buffer
saline (PBS), Tween-20, oligomycin, and bovine serum albumin (BSA) were purchased
from Sigma Aldrich (St. Louis, Missouri). Sodium sulfite (Na;SO3) was purchased from
Eisen-Golden laboratories (Berkeley, California). G-MOPS medium (respiration buffer) and
paraffin oil (OVOIL™) were purchased from Vitrolife.

2.2 Electrodes and Chamber Designs and Manufacturing

A multi-sensor chip was fabricated on a glass substrate of 24.5 mm x 24.5 mm through
standard photolithography and lift-off techniques. The three-electrode configuration with
working electrode (WE), quasi reference electrode (RE), and counter electrode (CE) was
used for all sensor configurations. Details of photolithography and metal evaporation are
included in S.1 in Supplementary Material. A 12 mm diameter and 3 mm deep micro-
chamber containing all three sensors was made using SU8 with details provided in S.1.3 in
Supplementary Material. A glass lid with two drilled holes (inlet and outlet) was glued on
the chamber (Fig. 1).

2.3 Sensors Surfaces Modification

2.3.1 Oxygen Electrode Surface Modification—Among different surface
preparation methods, Nafion was chosen as a solid-state electrolyte as well as a membrane.
Using Nafion only is more compatible with integration and multiplexed sensing applications
than using other electrolytes and membranes (Obeidat and Chen, 2016). A solid electrolyte
layer was formed on the electrode surface by applying 0.1 pL of Nafion solution to the
surface of the WE and allowing it to dry for 20 min.

2.3.2 Glucose Electrode Surface Modification—The GOx film solution was
prepared by dissolving 5 mg of GOx and 50 mg of BSA in 500 pL of 1 mM PBS containing
0.02% v/v Tween-20. The roles of BSA in the process of enzyme immobilization have been

Biosens Bioelectron. Author manuscript; available in PMC 2019 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Obeidat et al.

Page 4

well documented in the literature (Smith et al., 1975; Beddows et al., 1982; Shah et al.,
2006) for its abilities to stabilize the enzyme layer without causing any biochemical
reactions during the immobilization process.

The glucose WE was covered by 0.1 pL of the GOx solution and was left to dry for 30 min
at room temperature. Then a 0.1 uL of 5% w/w Nafion was used to cover the GOXx film
surface and allowed to dry for 15 min at room temperature. The functionalized electrodes
were refrigerated (4°C) in phosphate buffer until use.

2.3.3 Lactate Electrode Surface Modification—The LOx film solution was
prepared by dissolving 2.5 mg of LOx and 50 mg of BSA in 500 pL of 1 mM PBS
containing 0.02% v/v Tween-20. The roles of BSA used for LOXx film immobilization are the
same as those for the GOx film described in Section 2.3.2.

The lactate electrode was covered by LOXx film by adding 0.1 uL of the LOXx solution to the
WE surface and was left to dry for 30 min at room temperature. Nafion was diluted with
ethanol, with one-part Nafion to nine parts ethanol. Then a 0.1 pL of Nafion was added to
the LOXx film surface and allowed to dry for 15 min at room temperature. The functionalized
electrodes were placed in a refrigerator (4°C) in phosphate buffer until use.

2.4 Bovine Embryos and Their Stimuli

Bovine oocytes were obtained from ovaries collected at a slaughterhouse and fertilized and
incubated in embryo culture (G-MOPS) at 38.5°C. Oligomycin (1 uM) was used as an ATP
synthase inhibitor. The initial volume of the respiration medium used in all experiments was
120 pL. Stock solutions of oligomycin were made up in 100% ethanol to provide 1 M
concentration in the 120 uL respiration chamber with a 1 uL volume.

2.5 Electrochemical Instrumentation

A potentiostat (eDAC, Quadstat EA164H, Colorado Springs, CO) was used to perform all
electrochemical measurements. Data were collected using the Potentiostat were analyzed
using a set of custom-built tools written in MATLAB (The MathWorks, Inc.) for data
calibration and conversion from measured units in pA/min to the equivalent respiration rate
in fmol/s. (see S.5 in Supplementary Material).

2.6 Sensor Activation Voltages

A set of experiments were performed on the sensors in the micro-chamber to determine their
activation voltages. The details of the experiments and the results can be found in
Supplementary Material.

2.7 Sensors Calibration

2.7.1 Oxygen Sensor Calibration—To determine the calibration curve and linearity of
the DO sensor, the dissolved oxygen concentration was changed by adding 0.1 M Na,SO3 to
the saturated solution in incremental steps with continuous stirring to produce different
oxygen concentrations for generating the calibration data (Obeidat et al., 2018). All O,
concentration measurements were made at 38.5°C and validated using a calibrated Oakton
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DO6+ dissolved oxygen meter. The dissolved oxygen reduction current was measured at
-0.6 V at 0.5 min after each addition of Na,SO3. The dissolved oxygen concentration in the
G-MOPS respiration buffer corresponding to the measured current in the calibration curve
was calculated at 158 pM based on the average barometric pressure of the experiment
location (Fort Collins, Colorado (84.8 kPA)) at the temperature of 38.5°C, corrected for the
slightly lower oxygen solubility of the G-MOPS respiration buffer (0.92) compared to water
(Compton et al., 2011).

2.7.2 Lactate Sensor Calibration—A 10 mM lactate solution was prepared using L-
lactate powder taking into consideration its molecular weight (112.06 gram/mole) and
calculations required to convert grams into mol/L. Solutions with different lactate
concentrations were prepared by diluting a known lactate solution in DI water. The current
generated from the oxidation of hydrogen peroxide was measured at 0.4 V at 38.5°C.

2.7.3 Glucose Sensor Calibration—A 20 mM glucose solution was prepared using
D-glucose powder, taking in considering its molecular weight (180 gram/mole) and
calculations required to convert grams into mol/L. Different glucose concentrations solutions
were prepared by diluting a known glucose concentration solution in DI water. The current
generated from the oxidation of hydrogen peroxide was measured at 0.4 V at 38.5°C.

2.8 Measurement Setup

2.8.1 Oxygen, Glucose and Lactate Measurements—The multi-sensors chip
embedded in the micro-chamber described in Section 2.2 and Supplementary Material was
used. The temperature of the medium was maintained at 38.5°C by placing the device on a
stage warmer for a stereomicroscope. The applied potential during all the amperometric
experiments was set at —0.6 V for measuring DO and at 0.4 V for measuring lactate and
glucose (cyclic voltammetry results are included in S.3 in Supplementary Material). The
electrodes were rinsed using DI water and electrochemically pulse cleaned for 1 min before
and after each test. Sterilized DI water was used for pulse cleaning to avoid any toxic effect
on cells from any other cleaning chemicals. The amplitude of pulses used for cleaning was
1.2V (from -0.6V to 0.6V) and the pulse duration was 2 ms.

G-MOPS respiration buffer (120 L) was first placed in the micro-chamber and overlaid
with 120 uL of paraffin oil to seal the micro-chamber. The choice of 120 uL is based on the
tradeoff of two criteria. First of all, for detecting single cell respiration with sufficient
sensitivity, the volume in the micro-chamber should be as small as possible; secondly, given
the size of the micro-chamber, the volume in the micro-chamber should be sufficient enough
to cover the cell to be measured. A technician selected and moved the embryos into the
micro-chamber, and the readings were done with the sensor operator blinded to the quality
or type of sample. Embryos of different stages were tested during these experiments. A
single embryo was transferred into the micro-chamber by pipetting through the paraffin oil
layer on top of the WE, while viewing through a stereoscope. Analytes were measured for
8-10 min each by reading DO, glucose, and lactate consecutively, with the embryo moved
from one WE to another for specific analyte reading. (See S.4 in Supplementary Material).
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3. Results and Discussion

3.1 Sensors Calibration

3.1.1 Oxygen Sensor Calibration—A calibration curve (Fig. 2A) was obtained for the
oxygen sensor, which demonstrated its ability to measure a dissolved oxygen range of 0 to
170 pM, with a sensitivity of 1.93 nA/uM (13.9 nA/%). Sensor output current increased
linearly with the increase in O, concentration with a correlation coefficient of 0.986 and had
a limit of detection (LOD) of 1.22 uM.

3.1.2 Glucose Sensor Calibration—The calibration curve generated for the glucose
sensor (Fig. 2B) demonstrated a wide dynamic range of 0 to 9 mM with good sensitivity
(between 12.89 and 14.1 nA/mM) and linearity (r = 0.98 — 0.99), and a LOD of 0.5 pM.

3.1.3 Lactate Sensor Calibration—The calibration curve (Fig. 2C) obtained for the
lactate sensor demonstrated a wide dynamic range of 0 to 6 mM with good sensitivity (12.1
—14.38 nA/Mm) and linearity (r = 0.99), and a LOD of 0.4 uM.

3.2 Characterization of Bovine Embryo Energy Metabolism

3.2.1 Effect of Oligomycin on Embryo Metabolism—To determine the specific
ability of the multi-sensor to monitor a metabolic shift from OXPHOS to glycolysis in real-
time, the metabolism of 6 embryos (at the blastocyst stage) were measured before and after
adding oligomycin. Oligomycin inhibits the mitochondrial ATP synthase by blocking H+
transport through the complex, thereby forcing cells to rely on non-mitochondrial (primarily
glycolytic) ATP production for survival (TeSlaa and Teitell, 2014). Fig. 3A shows the
averages of the oxygen and glucose consumption and lactate production before and after the
addition of oligomycin.

As expected, oligomycin stopped oxygen consumption, but increased lactate production,
without a significant effect on glucose uptake. To better describe this observed effect on
cellular metabolism, we calculated the flux ratio of lactate production to glucose uptake
before and after adding oligomycin (Fig. 3B). This ratio increased significantly (P<0.01)
after the addition of oligomycin, demonstrating a greater rate of lactate release relative to
glucose consumption after inhibition of mitochondrial ATP production, consistent with a
“switch” from OXPHOS to glycolysis to maintain cellular ATP production. These results
highlight that embryo glucose uptake alone is not a reliable measure of glycolytic energy
production, since the pyruvate generated in glycolysis can be oxidized in mitochondria
(glucose oxidation) or converted to and released as lactate (anaerobic glycolysis).

3.2.2 Evaluation of Embryo Metabolism Throughout Development—To
investigate the metabolic characteristics of embryos during development, a total of 106
embryos in various stages were evaluated. Sixty-nine embryos graded good to excellent in
quality (see S.2 in Supplementary Material), were used for metabolism studies. Glucose and
oxygen consumption and lactate production are expressed as fmol per embryo per second +
SD. The patterns of oxygen and metabolite flux during development from (8 to 32) cells to
the hatched blastocyst stage was analyzed by one-way analysis of variance (ANOVA).
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Differences between means were examined using Tukey HSD (pairwise comparison among
stages). Dead and degenerate oocytes and embryos (negative controls) had low
measurements when compared with viable embryos of any development stage.

Throughout the observed stages of embryo development, every parameter of metabolic flux
(oxygen, glucose, and lactate) significantly increased (P<0.001, ANOVA). (See Table S.1
and Fig. S.4 in Supplementary Material for pairwise comparison) A non-significant change
in mean oxygen consumption (P>0.05) was observed from early-stage embryos (8 to 32
cells) to morulae and from morulae to blastocysts (Fig. 4A) (See also Table S.1 and Fig. S.4
in Supplementary Material); but, oxygen uptake increased significantly from the blastocyst
to expanding blastocyst stages and from expanding to hatching blastocyst stages (P<0.05).
Glucose consumption followed a similar pattern to oxygen uptake with a significant increase
from blastocyst to expanding blastocyst stages (P<0.05) and a highly significant increase
from expanded to hatched blastocysts (P<0.05). Lactate production significantly increased
from blastocyst to expanded blastocyst and from expanded to hatched blastocysts (P<0.05).
(See Table S.1 and Fig. S.4 in Supplementary Material)

The observed increases in oxygen consumption, glucose uptake, and lactate production of
bovine embryos as they progress toward the blastocyst stages are consistent with previous
studies (Thompson et al., 1996; Guerif et al., 2013), and parallel the well-established
increase in embryo energy demand as cell numbers increase (Hardy et al., 1989; Overstrom
et al., 1992). The mean values of glucose and lactate flux in bovine embryos in the present
study are similar to those previously reported for bovine (Thompson et al., 1996) and human
embryos (Hardy et al., 1989; Wales et al., 1987). However, observed rates are lower than
those reported for equine embryos (Lane et al., 1996) and bovine and human embryos
incubated in lactate-free culture media (Guerif et al., 2013; Gott et al., 1990), suggesting
variations due to both species and culture media composition. Indeed, levels of lactate may
attenuate rates of glycolysis /n vitro (Leese, 1992), and at least one previous study
demonstrated that rate of glucose metabolism is linearly related to its concentration in the
media (Wales et al., 1987). The degree of increase in glucose consumption and lactate
production by embryos from the morula to blastocyst stages in the present study is similar to
previous studies utilizing glucose tracer methods in bovine embryos (Rieger et al., 1992a)
and microfluorometry in equine embryos (Lane et al., 1996), but lower than some reports in
bovine and human embryos (Thompson et al., 1996; Guerif et al., 2013). These
discrepancies could be explained in part using later stage (Day 6) morula in the present
study which can behave similarly to blastocysts used in the latter studies (Thompson et al.,
1996; Lane et al., 1996). Table 1 provides a comprehensive comparison between the multi-
sensor system described herein and the published results on methods, targeting species and
cells, specific analytes to be measured, and the related sensor performance.

3.2.3 Metabolic Flux Ratios Reveal Shifts in Glucose Utilization during
Embryo Development—A primary advantage of simultaneous measurement of
metabolite flux using the multi-sensor system is its ability to express different rates relative
to one another. This provides internally-controlled indices of substrate utilization that are
more sensitive than absolute flux rates of individual metabolites. Accordingly, to further
investigate the nature of increased metabolic flux observed in embryos during development,
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we evaluated relative flux of lactate production/glucose uptake, the glucose uptake/oxygen
uptake, and the lactate production/oxygen uptake at different stages of development (Figs.
4B, 4C, and 4D). Results show that while increases in all three flux ratios were observed
(reflecting enhanced glucose metabolism), the amount of lactate produced relative to oxygen
consumed nearly doubled from morula to hatched blastocyst stages (P<0.001), indicating an
increasing contribution of anaerobic glycolysis to embryo ATP production during
development. These findings are in general agreement with studies demonstrating increases
in glucose and oxygen uptake and lactate production of bovine (Rieger et al., 1992a; Guerif
et al., 2013), human (Hardy et al. 1989; Gott et al., 1990; Wales et al., 1987), equine (Lane
and Gardner, 1996) and sheep embryos (Gardner et al., 1993) at the expanding blastocyst
stage.

Overall, the results of our studies are consistent with a link between embryo metabolic
activity and development, and specifically a transition in the relative contribution of
OXPHOS and glycolysis to energy production during later stages of development. However,
as noted above, it is important to consider that embryos being studied /n vitro are subject to
the stress of being placed in an artificial environment, including the potential for nutrient
imbalance and oxidative stress (Gardner and Harvey, 2015; Wale and Gardner, 2012), which
have the potential to influence embryo genomic imprinting, development rate and
metabolism (Leese, 2002; Leese et al., 2008; Lane et al., 2005). Therefore, it is critical to
understand how specific culture conditions (medium composition, length of exposure,
developmental stage treatment applied, and concentrations of oxygen) interact and impact
the metabolism of the preimplantation embryo, resulting in altered embryo and fetal
development (Ebner et al., 2003a; Leese et al., 2008; Gardner et al., 2015). The use of
metabolic multi-sensors such as the device described herein are ideally suited for
characterization studies of this nature, which may ultimately help to optimize embryo
incubation conditions and enhance the success rate of assisted reproduction technologies.

3.3 Advantages of the Present Design over Other Metabolism Sensing Systems

A particular advantage of our design is its ability to measure respiration in the immediate
vicinity of a single cell in the micro-chamber, eliminating the uncertainty of relative
positioning in other methods such as SECM (Shiku et al., 2004). These instruments are
bulky with inconsistent performance and high cost compared to the micro-chamber system
described herein. Most SECM-based techniques involve movement of the sensor tip between
the cell and bulk solution. The scanning system needs a precise positioner and motors to
achieve an accurate control of the tip’s position, and multiple measurement sites are needed.

More recently, the most widely used instrument for assessment of cellular metabolism is the
Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA), which is capable of
monitoring rates of glycolysis (via extracellular acidification rate) and oxygen consumption
in cell populations by fluorescence techniques in a multi-well format (Van der Windt et al.,
2016; TeSlaa and Teitell, 2014). However, this analyzer is extremely expensive, requires
separate assays to measure glycolysis and oxygen consumption, and generally requires
hundreds to thousands of cells per assay. In this work, we describe an integrated metabolic
multi-sensor capable of monitoring single embryo oxygen consumption, glucose uptake, and
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lactate production in real-time using amperometric methods, providing a simple and
inexpensive method of monitoring single embryo metabolism during development in a small
volume of medium.

4. Conclusions and Future Work

The present study describes a microfabricated multi-sensor system for simultaneous real-
time measurement of glycolysis and mitochondrial respiration in single bovine embryos.
The results demonstrate the ability of this system to sensitively monitor absolute and relative
changes in these pathways as cellular metabolic demands shift during different stages of
embryo development. Limitations of the current setup include challenges associated with
handling and positioning of single embryos for analyses, which can be overcome by the
addition of microscopy and microfluidic channels for sample visualization and manipulation
that are currently under development in our laboratory. Our platform is also amenable to the
inclusion of additional sensors, such as a pH electrode for monitoring the extracellular
acidification rate (ECAR) during cell metabolism, which is also currently under
development. Future applications of this technology could be extended to metabolic
monitoring of single cells or small multi-cellular samples obtained from heterogeneous
tissues such as tumors or granulomas relevant to the study of cancer and infectious disease,
as well as other settings where sample paucity limits direct metabolic assessments by
currently available methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Complete design with 3 mm thick SU8 micro-chamber covered by a glass lid.
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(A) Oxygen sensor calibration curve: left y-axis represents concentration in %, right y-axis
is concentration in UM. (B) Glucose sensor calibration curve. (C) Lactate sensor calibration
curve. (Error bars in each curve are standard deviations (SD) between 6 data points)
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(A) Oxygen and glucose consumptions and lactate production of bovine embryos before and
after adding oligomycin. (B) Flux ratio (Lac prod/Glu uptake) of lactate production and
glucose uptake for bovine embryos before and after adding oligomycin. (mean + SD, n=6
embryos at blastocyst stage). *paired t-test: P< 0.01, **paired t-test: P< 0.001.
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(A) Oxygen and glucose consumptions and lactate production of bovine embryos at various
stages. (B) Flux ratio between lactate production and glucose uptake (Lac prod/Glu uptake).
(C) Flux ratio between glucose and oxygen uptakes (Glu uptake/O, uptake). (D) Flux ratio
between lactate production and oxygen consumption (Lac prod/O, uptake). In all figures:
mean + SD; dead oocytes or embryos (n= 12), 8 to 32 cells (n=12), morula (M, n=7),
blastocyst (B, n=6), expanded blastocyst (XB, n=17), and hatched blastocyst (n=8, HB). a,
b, ¢, d within columns: Tukey HSD (pairwise comparison), values with different superscripts
are significantly different (P< 0.001).
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Page 20

Comparison between different systems that measure metabolic activity in oocytes and embryos at different
stages such as: 1-32 cells, morula (M), blastocyst (B), expanded blastocyst (XB), and hatched blastocyst (HB).

Reference Method Species | Sample type/stage Analytes assessed Range detected per
stage (fmol/s)

Gardner, Ultramicrofluorescence Mouse Embryos: 1-8 cells, Glucose and pyruvate Glucose: 1-cell: 0.027;

D.K. and M, B consumption 2-8 cells: 0.083; M:

Leese, H.J., 0.42; B:1.11.

1986

Gardner, Ultramicrofluorometric Mouse Embryos: B Glucose consumption Glucose:1.2+0.05

D.K. and and lactate production

Leese, H.J., Lactate: 2.18+0.16

1990

Lane, M. Microfluorescence Mouse Embryos: blastocyst Glucose consumption 1.1-2

and Gardner,

D.K., 1996

Gardner, Microfluorescence Sheep Oocytes (O) Pyruvate and glucose Glucose: O and 2-8:

D.K. etal. Embryos:2-16 cells, consumptions 0.28; 16: 1.67; M: 3.94;

1993 M, B, HB B:6.14; HB: 15.1

Lane, M. et Microfluorometry Horse Embryos: M, B, XB Pyruvate and glucose Glucose: M: 41.5-51.8;

al. 2001 consumptions, and B:56.6-102.9; XB: 35—

lactate production 201.47.

Lactate: M: 56.25-65.3;
B: 60.2-82.13; XB:
110.17-261.63

Gardner, Ultramicrofluorescence Human | Embryos: B Pyruvate and glucose Glucose: 34.9

D.K. etal. consumptions

2001

Gardner, Microfluorimetry Human | Embryos: B Glucose consumption 14-50

D.K.etal.

2011

Hardy, K. et Fluorescence Human | Embryos Glucose consumption 2.2-6.6

al. 1989

Gott, A.L. et Fluorescence Human Embryos: 2-16, M, B Pyruvate and glucose Glucose: 2-16 cells:

al. 1990 consumptions, and 3.33; 32 cells: 3.61; M:

lactate production 5; B: 12.5.

Lactate: 2-16 cells:
11.67, 32 cells: 18.05;
M: 22.2; B: 27.78.

Sturmey;, Fluorescence Pig Oocytes Oxygen, pyruvate and Oxygen: O: 6.9-9.16;

R.G. and Embryos:1-4, M, B, glucose consumptions, 1-8 cells: 5.6-7.78; M:

Leese H.J., XB and lactate production 3.33; B: 16.11; XB: 5

2003
Glucose: 0: 1.3; 1-8
cells: 0.6-0.8; M: 2, B:
4.8; XB: 2.8.
Lactate: O: 1.5+0.5; 1-
8 cells: 0.5-1.4; M:
240.2; B: 2.2+0.3; XB:
3.3+0.5

Guerif et al., Fluorescence Cow Embryos: 2-8 cells, glucose and pyruvate Glucose:2-8 cells:

2013 M, B, XB, HB consumptions, and 0.65-0.72; M: 2+0.36;

lactate production
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B: 3.975+0.32; XB:
9.5+0.5; HB: 15.63+0.8

Lactate:2-8 cells: 0.46—
1; M:4.08+0.33; B:
6.56+0.39; XB:
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XB, HB

Reference Method Species | Sample type/stage Analytes assessed Range detected per
stage (fmol/s)
14.2+0.66; HB:
23.8+1.24

Thompson, Fluorescence Cow Embryos: 1-8 cells, glucose and pyruvate Glucose:1-8 cells:

J.G. etal. 16 cells M, M, B and oxygen 0.417-0.86; 16 cells M:

1996 consumptions, and 0.8340.11; M:

lactate production 2.94+0.91; B:
4.05+0.25.
Lactate:1-8 cells:
0.306-1.27; 16 cells M:
1.72+0.38; M:--, B:
8.86+1.27.
Oxygen:1-8 cells:
0.067-0.052; 16 cells M:
0.075+0.016; M:
0.1+0.01; B:0.25+0.036

Sugimura, S. | SECM Cow Oocytes Oxygen consumption Upto8

etal., 2012

Date, Y. et Electrochemical (Amperometry) | Mouse Embryos/ two cells, Oxygen consumption Two cells: 1.36+0.33

al., 2011 M, B
M:1.38+0.58
B: 3.44+2.07

Wu, C., et Electrochemical (Amperometry) | Cow Embryos/ M Oxygen consumption 3.77+£0.11t0 7.36

al., 2007 +0.29

This work Electrochemical (Amperometry) | Cow Embryos: 8-32, M, B, | Glucose and oxygen Glucose: 8-

consumptions, and
lactate production

32:1.123+0.23; M:
1.648+0.23; B:2.26
+0.26; XB:2.92 £ 0.49;
HB:.5.63+0.55.

Lactate:8—
32:1.528+0.24; M:
2.169+0.19; B:
2.7740.27; XB:
3.74+0.5; HB:
6.96+0.66.

Oxygen: 8-32 cells:
0.765+0.2; M:
1.178+0.15; B:
1.484+0.3; XB:
1.94+0.3; HB:
3.58+0.37
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