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Fluorescence oxygen sensor array for non-contact
and rapid measurement of oxygen consumption rate

of single oocyte

Hisataka Maruyama and Fumihito Arai

Evaluation of oocytes and embryos is an important technique for
many biomedical applications. In this study, we proposed a method
to measure individual oocytes’ oxygen consumption rate by fluo-
rescence oxygen measurement using a fluorescent oxygen sensor
arranged in a striped pattern on a microchamber. For oxygen con-
centration measurement, a fluorescent oxygen microsensor array
was prepared using a hydrophilic photo-crosslinkable resin and flu-
orescent oxygen indicator. The sensor was fabricated by forming a
stripe pattern on polydimethylsiloxane using photopolymerization
and molding methods. Since the oxygen permeabilities of poly-
dimethylsiloxane and the medium are similar, the oxygen concen-
tration distribution around the oocyte follows the spherical diffu-
sion theory. The sensor array was used to detect the distribution of
oxygen concentration in two-dimensional plane. The oxygen con-
sumption rate of the single oocyte was obtained by image analysis
and Fick’s law. A single mouse oocyte’s oxygen consumption rate
on the microchamber could be measured without contact of sensor
probe to the target oocyte within 8 seconds (0.59 ± 0.03 fmol/s).

1. Introduction

In these days, evaluation of oocyte’s quality becomes an important technique
in many biomedical applications and has played a major role in improvement
of the breeding of animals and fertilization treatment [1, 2]. High-throughput
screening of oocytes can shorten the process time and improve oocyte de-
velopment rates. Evaluation of oocyte from morphological information was
used owing to its noninvasive nature [3]. However, accurate morphological
evaluation requires a highly skilled technician and is not quantitative. There-
fore, improved methods for quantitative evaluation are required. For exam-
ple, objective evaluation has been achieved using metabolic measurements.
The oocyte produces adenosine triphosphate (ATP) by pyruvate oxidation
using oxygen during glucose consumption and metabolism [4, 5, 6, 7, 8].
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Thus, measurement of the oxygen consumption can provide a readout to

represent metabolic activity. However, oxygen consumption measurement is

challenging for single oocytes and is therefore not widely used. Several meth-

ods, including spectrophotometric assays [8, 9, 10], scanning electrochemi-

cal microscopy (SECM) [11, 12, 13], fluorescent measurement [14, 15, 16],

have been developed to measure oxygen consumption rates (OCRs). In spec-

trophotometric assays, multiple oocytes are introduced to a cuvette includ-

ing the solution with oxyhemoglobin. The increase of light absorbance rep-

resents the decrease of oxyhemoglobin by the decrease of oxygen inside the

cuvette. This change is detected using a photometer. This measurement

method is noninvasive because no chemical treatment is required for mea-

surement of oxygen concentration. But this measurement method requires

multiple oocytes, because the sensitivity of this measurement method is not

enough to measure the OCR of a single oocyte. In SECM, OCR is measured

from profile of the oxygen concentration around the oocyte by scanning the

oxygen electrode. This method can be applied for single oocyte measure-

ment. However, SECM method requires long time for acquiring profile of

oxygen concentration because repeated tip scanning is required. Moreover,

the oxygen electrode is easily broken, and the target oocyte is damaged

during tip scanning. In the fluorescent measurement, the oocyte is stained

with a fluorescent oxygen indicator. The oxygen concentration of the oocyte

is measured from the change of fluorescence intensity caused by decreasing

the oocyte’s oxygen concentration. However, direct fluorescent measurement

is not suitable for the biomedical applications because the stained oocyte

received some effects from the fluorescent indicator and fluorescent stain-

ing requires long time. Therefore, we proposed a non-contact and rapid

measurement of a single oocyte’s OCR by fluorescent oxygen sensor ar-

ray on a microchamber (Figure 1). The chip is consisted of polydimethyl-

siloxane (PDMS) and fabricated by photolithography and replica molding.

The fluorescent oxygen sensor is consisted of polyethylene glycol diacrylate

575 (PEGDA 575) and Ru(bpy)3Cl2 [14]. The fluorescent oxygen sensor is

constructed in a striped pattern to maintain spherical diffusion of oxygen

around the oocyte on the microchamber. The single oocyte’s OCR is calcu-

lated by the image analysis of fluorescent images and the spherical diffusion

theory. Compared to other methods, this method has the advantage of non-

contact, rapid, and measurement of the profile of oxygen concentration in

two-dimensional plane. In addition, the OCRmeasurement can be performed

in standard culture conditions using a microchamber made of biocompatible

materials.
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Figure 1: A schematic diagram of fluorescent measurement of the oxygen
consumption rate (OCR) of single oocytes on microchamber.

2. Materials and methods

2.1. Fluorescent measurement system

The measurement system equipped for fluorescent sensing system is con-
sisted of a commercialized microscope (Ti-E; Nikon) with an objective lens
(Plan Apo 10×; magnification: 10×; Nikon) and a 16-bit EM-CCD (iXon
Ultra; Andor, 512×512 pixels), and a laser confocal system (CSU-X1; Yoko-
gawa) as shown in Figure 2 [17, 18]. 488 nm laser (Power: 20 mW) is utilized
to excite fluorescent oxygen sensor. A light absorption filter that absorbs
488nm light is placed in front of the EM-CCD. A stage-top incubator (Zil-
cos; Tokai Hit Co., Ltd.) was utilized for the temperature control (accuracy
±0.3 K) and the CO2 concentration control (5%). The stepping motor of
the microscope was used to control the Z-axis. The microscope was also
equipped with a perfect focus system (PFS) that maintained the focus in
response to the thermal drift. The precision of the Z-axis control by PFS
was 50 nm. The operator controlled the stage using a stepper motor. The
fluorescent images from the sensor were acquired using an EM-CCD.

Ru(bpy)3Cl2 is the chloride salt coordination complex utilized as a fluo-
rescent oxygen indicator. The excitation and emission wavelength of
Ru(bpy)3Cl2 are 561 nm and 620 nm, respectively. Fluorescent intensity
is represented by equation 1 [18].

(1) I = I0 · Φ ·M · ε · l · exp(−t/τ)

where I [W] is the fluorescence intensity emitted from the fluorescent ma-
terial per unit time. I0 [W] is the excitation light flux of the fluorescent
material. Φ is the fluorescence quantum yield. M [mol/L] is the concentra-
tion of the fluorescent dye. ε is the absorbance index [L/mol·m]. l [m] is
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Figure 2: A schematic diagram of fluorescent measurement system.

the pass length of emitting fluorescence to EM-CCD. t [s] is the total expo-
sure time. and τ [s] is the decay coefficient of the fluorescence intensity. The
fluorescence quantum yield of Ru(bpy)3Cl2 increases according to the de-
crease of oxygen concentration. On the other hand, the excitation light flux,
fluorescent dye concentration, absorbance index, and pass length are consid-
ered constant parameters of the oxygen sensor made in the microchamber.
Therefore, the change of oxygen concentration is measured from the change
in fluorescence intensity of the fluorescent oxygen sensor.

2.2. Analytical model of OCR measurement

The proposed OCR measurement method had the following assumptions:

1) The cytoplasm must be spherical.
2) The oocyte must be filled with cytoplasm.
3) The mitochondria must be evenly distributed in the cytoplasm.
4) The zona pellucida does not affect the OCR measurement.

In stationary state, the single oocyte’s OCR was calculated by the spher-
ical diffusion theory. The analytical model for the OCR measurement is
shown in Figure 3. The oocyte is placed on a PDMS microchamber with
oxygen sensor array and filled with culture medium. The oxygen diffusion
coefficient of the PDMS is assumed to be the same as that of the culture
medium. And the oxygen sensor array is patterned not to interfere with oxy-
gen diffusion in the PDMS. The oxygen flow rate of the oocyte fs [mol/m2s]
was determined by Fick’s law as shown in equation 2.
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Figure 3: Analytical model of OCR measurement.

(2) fs = D
dC(r)

dr
dS

where r [m] is distance from the center of the oocyte, D [m] is the PDMS’s

oxygen diffusion coefficient (2.18 ×10−9 m2/s at 37°C), C(r) is the oxygen

concentration profile [mol/L], and S [m2] is the oocyte’s surface area. r is

represented by equation 3.

(3) r =
√

(rs + t)2 + x2

rs [m] is the oocyte’s radius, t [m] is the thickness of PDMS between the

oocyte and the sensor, and x [m] is horizontal distance from the center of

the oocyte. From equations 2 and 3, the oocyte’s OCR can be calculated as

follows (equation 4).

(4) F = f × S = 4πrs
2 ·DdC(rs)

dr

In equation 4, the gradient of the oxygen concentration at rs is deter-

mined based on the profile of the oxygen concentration fitted by least squares

at rs. This method’s advantage is that the PDMS’s oxygen permeability

is similar to the oxygen permeability of water. Thus, oxygen concentra-

tion around the oocyte maintains the spherical diffusion. Furthermore, this

method measures oxygen concentration distribution in the two-dimensional

plane by image processing of the fluorescent images, so that the distribution

of the OCR of the oocyte can be obtained.



464 Hisataka Maruyama and Fumihito Arai

2.3. Diffusion analysis of oxygen concentration by finite element

method

The oxygen concentration distribution around an oocyte in three-dimensional

space was analyzed using finite element method (FEM) (COMSOL Multi-

physics 4.4; COMSOL AB). This FEM analysis was used to determine the

design of the fluorescent sensor. Table 1 shows the analytical parameters

for FEM. In this study, oocytes with a diameter of 75 μm were targeted

[19]. The OCR of the mouse oocyte was set to 1 fmol/s based on previous

studies, and the oxygen diffusion coefficient of the medium was set to the

same value as that of PDMS. The oxygen diffusion coefficient of the sensor

was determined from that of PEGDA 575. The PDMS’s thickness between

the oocyte and the sensor was set to 10 μm.

Table 1: Parameters in FEM analysis

Parameters Value

Bulk oxygen concentration [μmol/m] 0.21
Diameter of oocyte [μm] 75
Oxygen consumption rate [mol/s] 1.0 ×10−15

Oxygen diffusion coefficient (Medium) [m2/s] 2.18 ×10−19

Oxygen diffusion coefficient (PDMS) [m2/s] 2.18 ×10−19

Oxygen diffusion coefficient (Sensor) [m2/s] 3.4 ×10−11

Figure 4 shows the FEM results of the pattern of fluorescent sensor. The

diffusion coefficient of oxygen of PEGDA 575 was much lower than that of

PDMS and culture medium. Therefore, the pattern of the fluorescent sensor

should be designed so that it does not interfere with the diffusion of oxygen.

From the analysis results, a stripe pattern with a pitch of 5 μm was found

to be suitable for maintaining the spherical diffusion of oxygen.

Figure 5 shows the FEM results of thickness of PDMS required to apply

the spherical diffusion theory to this measurement. The glass placed under-

neath the PDMS for stable observation was not able to transmit oxygen.

Therefore, the PDMS’s thickness between the oocyte and the fluorescent

sensor must be designed appropriately. From the results of this analysis,

we found that a thickness of more than 300 μm is necessary for oxygen

measurement.

From these FEM results, the PDMS thickness of 500 μm and the stripe

pattern with a 5 μm pitch for the sensor layout were determined.
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Figure 4: FEM analysis results for oxygen diffusion according to sensor lay-
out. (a) A schematic diagram of analytical model with plane sensor. (b) A
schematic diagram of analytical model with stripe sensor. (c) Result on a
plate sensor pattern (Cross view). (d) Result on a plate sensor pattern (Top
view). (e) Result on a striped sensor pattern with 5 μm pitch (Cross view).
(f) Result on a striped sensor pattern with 5 μm pitch (Top view).
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Figure 5: FEM analysis result for oxygen diffusion according to the PDMS
thickness. (a) A schematic diagram of analytical model. (b) Result (PDMS
thickness: h= 100μm). (c) Result (PDMS thickness: h= 300μm). (d) Result
(PDMS thickness: h= 500μm).

2.4. Fabrication process of the microchamber and fluorescent
oxygen microsensor array

Figure 6 (a)-(d) shows the fabrication process of the microchamber with the
fluorescent oxygen sensor array. The microchamber is mainly consist of poly-
dimethylsiloxane (PDMS; Sylpot 184, Dow.com). The fluorescent oxygen
microsensor is consists of polyethylene glycol diacrylate 575 (PEGDA575,
Sigma Aldrich) which is a hydrophilic photo-crosslinkable resin, Ru(bpy)3Cl2,
and Darocure 1173 (Chiba Chemical Japan) which is a photo-initiator. Fab-
rication process of the microchamber having fluorescent oxygen microsensor
is as follows.

1) Spin-coat negative photoresist SU-8 3005 (Kayaku Advanced Materi-
als) on the silicon substrate at 4000 rpm for 30 s (Thickness: 5 μm).

2) Photo-pattern of the coated photoresist to stripe-shaped (width: 5 mm,
Gap: 5 μm). (Figure 6 (a))
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Figure 6: Fabrication process of the microchamber. (a) Fabrication of mi-
crochannel mold on silicon substrate. (b) Molding by PDMS. (c) Peel the
cured PDMS microchannel and bond to the PDMS sheet (d) Injection of
PEGDA 575 and photopolymerization. (e) Bond the PDMS layer with halls
to the PDMS microchamber (f) Photograph of the microchamber. (g) Cross-
sectional photograph of the microchamber. (h) Fluorescent image of the
oxygen sensor array.
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3) Put the metal jig on the silicon substrate, pour the polydimethylsilox-
ane (PDMS; Sylpot 184, Dow) into the gap between the metal jig and
the silicon substrate, and then bake at 80°C for 1 hour. (Figure 6 (b))

4) Peel the cured PDMS and bond to the PDMS sheet (Thickness: 0.5
mm) on the glass substrate (Thickness: 0.3 mm). (Figure 6 (c))

5) Injection of the sensor material (3.5 mM Ru(bpy)3Cl2 in PEGDA575
with 5% Darocure 1173) and photopolymerization by exposure of 365
nm light by exposure unit (BOX-S3000, Sunhayato). (Figure 6 (d))

6) Bond the PDMS layer with halls of 2 mm diameter to the PDMS
microchamber. (Fig. 6 (e)) As shown in Figure 6 (f), 10 microchambers
were placed on one chip. Figure 6(g) and Figure 6(h) show the bright-
field cross-sectional view of the PDMS substrate with the fluorescent
sensor, and the fluorescent image, respectively.

3. Results

3.1. Calibration of fluorescent oxygen sensor

Figure 7(a) shows the calibration results for relative fluorescence intensity
with oxygen concentration. The calibration experiment was conducted with
the Ti-E and ZILCOS. The relative fluorescence intensity was then calcu-
lated concerning the saturated oxygen concentration (210 μM, 37°C). Cal-
ibration experiments have been conducted five times. Figure 7(a) plots the
mean and standard deviation of fluorescence intensity at each oxygen con-
centration. The results showed that there was a correlation between the
oxygen concentration and the relative fluorescence intensity. Using equation
5, the profile of oxygen concentration was calculated from the fluorescence
image.

(5) [O2] = −8.3× 102 · I

I0
+ 1.1× 103

In the experimental system, the fluorescent oxygen sensor had a reso-
lution of 1.3 μmol/L for the oxygen concentration and a spatial resolution
of 5 μm for the measurement from this calibration. This sensitivity of the
sensor was comparable to the commercially available electrode-type oxygen
sensor [20]. Figure 7(b) shows the photodegradation of the fluorescent sen-
sor. The sensor’s fluorescence intensity was maintained at almost the same
intensity even after 600 s of excitation since Ru(bpy)3Cl2 represents low
photodegradation (variation was about 1%). This evaluation was done three



Fluorescence oxygen sensor array for OCR measurement 469

Figure 7: Evaluation of fluorescent oxygen sensor. (a) Calibration of the
relative fluorescent intensity with oxygen concentrations, (b) Evaluation of
photodegradation of the fluorescent oxygen sensor, (c) Evaluation of the
stability of fluorescent intensity according to temperature.

times. When the fluorescence intensity change from the start of measure-
ment to 600 seconds was fitted by the least-squares method, the slope was
−4.2 × 10−4 ± 0.4 × 10−4 %/s. In the OCR measurement, excitation time
for each measurement was only 8 seconds, so this sensor array can be ap-
plied to repeated measurements. Figure 7(c) shows the evaluation result of
temperature dependence of the fluorescent sensor. In the experiment, the
initial temperature was set 37°C. The temperature was varied from 34°C to
40°C. In the fluorescence image of the sensor at each temperature, the fluo-
rescence intensities of nine points were acquired, and the relative values of
the fluorescent intensities at each temperature were plotted using 37°C as a
reference. From the evaluation results, the variation of fluorescent intensity
was within 1%. Moreover, the fluorescent intensity of the sensor was not
affected by external disturbances such as changes in ion concentration since
the sensor was separated from the solution by PDMS layer. Therefore, this
sensor could be used for stable OCR measurement of single oocyte.
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Figure 8: Measurement of OCR of single mouse oocyte using the fluorescent
oxygen sensor. (a) A photograph of an oocyte, (b) Fluorescent image of
the sensor without the oocyte, (c) Fluorescent image of the sensor with the
oocyte. (d) Image of the fluorescent intensity ratio.

3.2. OCR measurement of a single oocyte

Figure 8 shows the result of OCR measurement of single mouse oocyte us-
ing the fluorescent sensor. The size of the mouse oocyte was 120 μm. The
temperature was kept at 37°C and the CO2 concentration at 5%. The ex-
posure time for acquiring fluorescence images was set to 8 seconds. First,
a reference fluorescent image was acquired with no oocyte. The oocyte was
then placed on the microchamber (white dot circle). Five minutes after the
oocyte was placed, the fluorescent image with the oocyte was acquired. From
the information on fluorescent intensity in Figure 8(b) and Figure 8(c), an
image of fluorescent intensity ratio was obtained as shown in Figure 8(d).
The oxygen concentration distribution was calculated by Figure 8(d) and
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equation 5. Figure 9 (a) and Figure 9 (b) show the bright-field image of
the measured oocyte (sample 1) and the two-dimensional profile of the mea-
sured oxygen concentration, respectively. In Figure 9(b), data in the place
without the sensors are plotted the linearly interpolated data on the sen-
sors. Figure 9 (c) shows the oxygen concentration profile in 4 directions. The
oxygen concentration profile was calculated for four directions using oxygen
concentration distribution data and equation 5. The direction of A is upper
left 45°, that of B is lower left 45°, that of C is upper right 45°, that of D
is lower right 45°. Each dot in the graph represented the fluorescence inten-
sity of the oxygen sensor. Because pixel size in the fluorescence image is 1
μm and the width or gap of the sensor is 5 μm, each of the five dots was
shown intermittently. From Figure 9 (c), oxygen concentration profile C(r)
was fitted by equation 6.

(6) C(r) = α+
β

r

In direction A, the values of α and β were determined to be 142 and
−1.6843 ×10−8 respectively by the least-squares method. Then, the slope
of the oxygen concentration profile at the oocyte surface was determined by
equation 7.

(7) (
dC(r)

dr
)r=rs = (− β

r2
)r=rs

From equations 4, 7, and α (= −1.6843 × 10−8) and rs (= 60μm), the
OCR in direction A was calculated 0.58 fmol/s. Moreover, the average value
of OCR of sample 1 in four directions (A, B, C, D) was 0.59 fmol/s. OCR
measurements were also performed on the other five oocytes. All oocytes
were represented as a two-dimensional profile with oxygen concentration
increasing circumferentially from the oocyte surface, as shown in Figure
9(b). The trend was the same for all oocytes, even though the magnitude
of the slope of the profiles differed. Table 2 shows the calculated values of
OCR in each direction for six mouse oocytes. The averaged OCR of six
oocytes was 0.31 fmol/s. In this paper, frozen primary oocytes were used.
The variation of OCR is considered the effect of oocyte damaged by freezing
and thawing procedure, and individual difference of oocytes. From previous
report, the OCR of the primary mouse oocyte was approximately 0.38 fmol/s
[21]. OCR values between the measurement results and the previous report
were considered comparable. These results indicate that we have successfully
measured the two-dimensional OCR of a single oocyte on a microchamber.
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Figure 9: Measurement result of oxygen profile. (a) The direction of OCR
measurement, (b) The Color map of oxygen concentration, (c) Profile of
oxygen concentration (rs = 60μm). The white circle indicates the area in
which the oocyte exists.

4. Conclusions

This paper reported a non-contact method for OCR measurement of single

oocytes by a fluorescent sensor array. The fluorescent sensor was composed

of PEGDA 575 and an oxygen-sensitive fluorescent indicator, Ru(bpy)3Cl2.

The sensor was designed with a stripe pattern in the PDMS microchannel

to prevent contacting the fluorescent material with the oocyte, so that the

OCR could be calculated using the spherical diffusion theory. This method

allowed us to measure the OCR of a single oocyte in any direction on the

microchamber in a non-contact manner. With this method, the OCR distri-
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Table 2: OCR distribution in single oocytes

No. OCR Average of OCR Divergence of OCR
[fmol/s] [fmol/s] [fmol/s]

A B C D
1 0.58 0.56 0.60 0.64 0.59 0.03
2 0.53 0.23 0.66 0.48 0.47 0.18
3 0.21 0.34 0.31 0.39 0.31 0.07
4 0.07 0.29 0.22 0.11 0.19 0.10
5 0.15 0.11 0.17 0.27 0.17 0.07
6 0.12 0.12 0.15 0.15 0.13 0.02

bution in two dimensions was calculated. Finally, rapid OCR measurement
of the mouse oocyte, taking only 8 seconds for each measurement, was suc-
ceeded. This technique is expected to contribute the measurement of cell
characteristics in various biomedical applications.
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