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Abstract

In the field of reproductive biology, there is a strong need for a suitable tool capable of non-
destructive evaluation of oocyte viability and function. We studied the application of brilliant
cresyl blue (BCB) as an intra-vital exogenous contrast agent using multispectral optoacoustic
tomography (MSOT) for visualization of porcine ovarian follicles. The technique provided
excellent molecular sensitivity, enabling the selection of competent oocytes without disrupting
the follicles. We further conducted in vitro embryo culture, molecular analysis (real-time and
reverse transcriptase PCR) and DNA fragmentation analysis to comprehensively establish the
safety of BCB-enhanced MSOT imaging in monitoring oocyte viability. Overall, the
experimental results suggest that the method offers a significant advance in the use of contrast
agents and molecular imaging for reproductive studies. Our technique improves the accurate
prediction of ovarian reserve significantly and, once standardized for in vivo imaging, could
provide an effective tool for clinical infertility treatment.
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Introduction

The term "ovarian reserve" describes a woman's reproductive potential, specifically the
number and quality of oocytes her ovaries contain [1]. Ovarian reserve is a complex clinical
phenomenon influenced by multiple factors like age, genetics, and environmental variables [2].
Female ovaries undergo irreversible decline of the reserve starting from birth, eventually ending
in menopause at a later age. Accurately predicting the rate of decline remains a challenging
question to the researchers and clinicians. The tests for ovarian reserve include both biochemical
tests like Follicle Stimulating Hormone (FSH) and Anti-Miillerian Hormone (AMH) detection and
ultrasound imaging of the ovaries. Commonly used biochemical assays serve as a proxy for oocyte
quantity but are considered poor predictors of oocyte quality [1]. Thus, medical imaging
technologies have slowly emerged as an indispensable component of artificial reproductive
technology (ART) for the treatment of infertility [3]. Existing diagnostic imaging technologies,
such as pelvic magnetic resonance imaging (MRI) and ultrasonic imaging (US), have provided
valuable insights into the mammalian reproductive system. However, the imaging contrast and
spatial resolution of these methods are far inferior to those routinely obtained with optical
microscopy. Ultrasonographic follicular imaging, the primary tool for oocyte retrieval in vitro
fertilization (IVF) and embryo culture, reveals the growing follicle only as a black bubble [4].
Folliculometric information, such as follicular wall thickness, is determined by manual or semi-
automated segmentation and provides only crude information with questionable predictive
value[5]. Determination of oocyte quality is vital in assisted reproduction, but there has not yet
been any assessment method that does not disrupt the follicle structure. Researchers and clinical
practitioners are in urgent need of an innovative imaging method that reliably predicts oocyte

viability and developmental competence. A non-destructive method that reliably predicts the
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developmental competence of an oocyte inside an ovarian follicle would be of great benefit to IVF
studies. The ability to assess the quality of the ovarian reserve pool non-invasively can have a

revolutionizing effect on female reproductive health management.

The study aims to establish brilliant cresyl blue (BCB)[6] as a contrast agent for non-
destructive evaluation of oocyte quality. But contrast enhancement for imaging interventions using
BCB has not so far been attempted in ovarian follicle imaging. A favorable toxicity profile, relative

ease of use, and inexpensive nature makes BCB an ideal candidate for a contrast agent.

BCB has previously been used effectively to identify developmentally competent oocytes
without compromising oocyte viability[7]-[8]:[9][10]. BCB is reduced by the intracellular activity
of glucose-6-phosphate dehydrogenase (G6PDH), a pentose phosphate pathway enzyme, the
activity of which gradually decreases as oocytes reach the growth phase[11]. Oocytes in the mature
growth phase do not reduce BCB and exhibit a blue-colored cytoplasm (BCB+ve). Growing
oocytes have a high level of G6PDH activity, resulting in a colorless oocyte cytoplasm
(BCB—ve)[12]. MSOT was employed as molecular imaging method capable of selectively
quantifying the distribution of specific biomarkers using multiple excitation wavelengths and
delivers optical contrast at unprecedented resolution and penetration depths [13][14]. The method
has previously been applied to image fluorescent proteins in model organisms [15], and for

tracking perfusion profiles of contrast agents and blood oxygenation in vivo [16]. MSOT utilizes

non-ionizing radiation (near-infrared range) with safe levels of optical flux (< 15mJ/pulse on the
surface of the imaged tissue), making it attractive for non-destructive cellular imaging. However,
the use of optoacoustic for imaging reproductive cell has been limited. Viator et al has used
photoacoustic flowmetry to detect sperm samples in a dilute solution [17], and Wittmann et al. has

employed MSOT to study blood-testis barrier. To the best of our knowledge, the current study

http://mc.manuscriptcentral.com/jrsi

Page 4 of 82



Page 5 of 82

oNOYTULT D WN =

Under review for J. R. Soc. Interface

provides the first experimental results of non-destructively imaging viable oocytes from

mammalian sources.

We conducted the imaging trials in vitro by injecting BCB into porcine ovarian follicles
and imaging the intact ovarian structure ex vivo. Spectral unmixing[18] and image analysis
techniques[19] were used on acquired MSOT images to quantify image contrast and identify
suitable follicles with competent oocytes. The MSOT results were further validated using a state-
of-the-art selective plane illumination microscopy (SPIM) tool. In this way, both the anatomy and
contrast agent distribution[20] were visualised, gaining precise folliculometric information,
including volume, anatomical position, structural details and oocyte size. To investigate whether
the procedure is toxic to the oocytes in any way, oocytes from the tested follicles were isolated
and cultured in vitro then analyzed by real-time and reverse transcriptase PCR and DNA

fragmentation analysis.

The results conclusively prove that the administration of BCB and MSOT imaging doesn't
impact the viability of reproductive units, i.e., oocytes. Our experimentations support the
usefulness of BCB enhanced MSOT imaging as simple, gentle and efficient translational imaging
method of monitoring oocyte viability. Thus, the current study opens up new possibilities for

workflow optimization and risk-mitigation in ART.

Experimental methods and results

Spectral evaluation of BCB and experimental protocol for imaging of follicles

A commercial MSOT system (inVision 256TF, iThera Medical GmbH, Munich, Germany) was
used to probe a narrow window of BCB contrast in the near-infrared range (wavelengths 680-

900nm). Given the inherent noise and low-contrast in ex-vivo imaging samples, we employed
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non-negative constrained modelbased image reconstruction [21,22] and automatic calibration
methods [23] to improve image quality. Recent studies have shown that optoacoustic spectrum is
often not correlated the absorption spectrum of chromophores. Additionally, Luke et al has shown
that > 5 wavelengths are required to have a stable concentration estimate of a chromophore during
spectroscopic optoacoustic imaging [24]. As described previous in [25], we diluted a 13mM stock
solutions of 1M BCB in Dulbecco's phosphate-buffered saline (DPBS) to a 6 working
concentration (25x to 250x dilutions). We used 10 wavelengths derived the reference optoacoustic
spectrum for BCB at the designated concentrations [26]. An automatic segmentation and tracking
algorithm developed in-house [19] was used to automatically annotate the region of interest (ROI)
(approximately 25+ 2 pixels) in real-time and 50 frame averaging was done to achieve high SNR.
As illustrated in figure 1, optoacoustic spectral evaluation revealed that 260uM (50 times dilution)
BCB provided satisfactory signal recovery without quenching. This concentration was
subsequently used throughout the experimentation and imaging trials. Figure 2 illustrates the
phases in the entire ovarian imaging protocol (5 phases) standardized for the study. Ovarian
follicles were first injected with BCB solution using a fine bore needle (31G). Follicles contain
follicular fluid that further dilutes BCB, so injection concentrations were conservatively
overestimated by 10% volume (figure 2.1). The ovaries were then placed on a polyethylene sheet
supplied with DPBS solution, and placed in the imaging domain submerged in deionized water at
34°C for the MSOT imaging (figure 2.2). In figure 2.3 the single wavelength image acquired at
690 nm shows the internal anatomy of the extracted ovary after the injection of BCB. To clearly
identify the locations where BCB is deposited relative to tissue morphology, we spectrally
unmixed the MSOT signals into two channels (BCB and tissue). The BCB channel showed
deposition along the walls of the follicles (figure 2.3- spectrally resolved image). We used five

different wavelengths (680nm, 690nm, 700nm, 710nm, and 850nm) to acquire the spectral dataset.
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A vertex-component analysis (VCA) based blind spectral unmixing algorithm[27] was used to
isolate location of the BCB chromophores. The individual follicles were isolated and the cumulus-
oocyte complexes (COCs) manually extracted and visually evaluated by optical microscopy.
Figure 2.4 shows the microscopic images of COCs graded for validation of the results. We have
also developed automated oocyte grading algorithms based on machine learning
techniques[28,29], but full descriptions are beyond the scope of this account. In the final stage of
the workflow, we attempted in vitro embryo culture of irradiated oocytes (figure 2.5) to ascertain
viability.

In figure 3.a, we show the unmixed BCB channel and the site of extraction of the chosen oocyte
(insert marked with box). However, looking at a 2D frame does not provide correct size estimate
of the follicle. Thus, we included the 3D rendering of the full ovarian mass by stacking multiple
scan slices along the Z-direction scanned at a distance of 0.1mm (figures. 3. b). The 3D scan
provides suitable anatomical landmarks and allows computation of follicular volume, an important
marker of maturity as corroborated by SPIM measurements (supplementary figure 1). A fly-by
video of cross-sections of the entire ovary is shown in movie 1 (Frames: 160, Step Size: 0.1 mm,
obtained at 720nm at 34.1°C). Fast scanning protocols (~ 5 min/ ovarian sample) with 10 Hz laser
pulsation was employed, the laser irradiation on the surface of ovaries is 12-20 mJ/ pulse
(wavelength dependent). The values are below the maximum permissible limits (MPE) for in vivo
small animal imaging.

Ovaries were scanned before (pre-injection) and after (post-injection) the BCB was
injected. We observed a clear increase of signal along the walls of the follicles post-injection, as
illustrated by figure 4.b, vis-a-vis the pre-injection image (figure 4.a). The test was repeated over
12 ovarian samples (~ 100 follicles). Two ovaries were selected for quantitative evaluation and

their relative signal increase was calculated. Figure 4c¢ shows box plots of normalized intensities
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of 15 ROIs chosen in each ovary along the follicle walls for two independent ovarian samples. In
both cases, intensity of optoacoustic signal from the post injection image was higher than pre-
injection image of ovaries, considering the images were acquired at 690nm laser wavelength i.e.
highest absorption of BCB in the probed optical spectrum. In the pre-injection sample, the follicles
are barely visible, however the residual blood in bigger vessels shows up as bright contrast (figure.
4.a). Thus, we choose suitable ROI (around the follicles) instead of taking the mean intensity value
of the images, to avoid erroneous quantification from the presence of residual blood. The spread
of contrast values post-injection was higher compared to pre-injection, due to the different levels
of hormones and follicular volumes. (figure. 4.b) The detailed scatter plot (supplementary figure
2) shows the intensities before and after injection of each ROI. Close observation revealed that
some ovarian follicles show no significant changes in contrast even after injection, these are
developing follicles that decolorize the BCB contrast. These BCB-ve follicles can thus be rejected,

and oocytes are not extracted from them for further development.

Validation of MSOT imaging using histology and SPIM studies

The MSOT system used was limited to 150um in-plane resolution [30], extendable to ~ 120 um
using pixel super-resolution methods [31]. This was optimal for visualizing BCB contrast within
follicular masses, but fell short of visualizing the COCs. To validate our observations at higher
resolution, a randomly chosen set of MSOT-analyzed ovarian follicles were cryosliced (figure 5.a)
for examination using histological methods and SPIM. The insert (red) in figure 5.a, shows the
chemically cleared oocyte, 5.b shows the reference MSOT image, 5.c shows the H&E stained

image (20x) and 5.d shows the SPIM image of the intact follicle.
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A state-of-the-art SPIM system [32] (supplementary figure 1.a) was fabricated in-house to enable
ovarian follicular imaging. A wide range of individual follicles were extracted from two different
sets of ovaries and all selected samples were imaged in their entirety, as their sizes matched the
camera field of view (FOV). The SPIM imaging requires sample's transparency, which is achieved
via a time-consuming chemical clearing protocol to render the samples free of optical scattering
(see supplementary methods for details of the SPIM method). The high contrast-to-noise ratio and
image resolution achieved by SPIM readily distinguished the different anatomical features (figure
5.d). We analysed the most relevant morphological features using the SPIM images, i.e. size of the
developing COC and follicle wall thickness. The COC can be clearly seen attached to the inner
follicle wall. COCs were detectable in approximately 70% follicles, and COC size varied between
40 um and 110 um (supplementary figure 1.b/ movie 2). Detection of COC as small as 40 um is
comparable to the resolution of histological analysis[33], and surpasses that of ultrasound
biomicroscopy [34]. Histological sections obtained through cryoslicing (figure 5.a) and H&E

stained microscopic images served as controls (figure 5.c).

In vitro embryo culture

We examined whether oocyte viability was harmed by laser irradiation from MSOT scanning and
BCB staining. Nuclear maturation of each oocyte was scored by attainment of metaphase II, as
judged by the presence of condensed chromosomes in an equatorial position and extrusion of the
first polar body (figure 6). Nuclear maturation data (Table 1) showed no significant difference in
nuclear maturation rate between MSOT-scanned and non-scanned control oocytes. The MSOT
scanner provides a narrow, but sufficient band of wavelengths to identify signals from competent
BCB (+) follicles and distinguish them from the developing follicles. This enabled suitable oocytes

to be selected for in vitro embryo culture without disrupting follicle structure. To validate the
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findings, we assessed the competence of oocytes to develop further by culture in vitro. Oocytes
aspirated from MSOT-scanned ovaries were parthenogenetically activated to indicate
developmental potential. Development was scored as the number of embryos consisting of two to
eight equally-sized blastomeres 48 h after activation. No statistically significant difference was
observed between MSOT-scanned BCB +ve oocytes and control BCB+ve oocytes (Table 1),
indicating that MSOT scanning has no detectable detrimental effect. As expected, nuclear
maturation and parthenogenetic activation rates were significantly higher in BCB+ve than BCB—
ve oocytes, as reported in goats [35] and heifers[36]. The low nuclear maturation rate of BCB—ve

oocytes could be due to incomplete or abnormal cytoplasmic maturation.

Table 1. Nuclear maturation and parthenogenetic activation

MSOT scanned Control group
BCB+ve BCB-ve BCB+ve BCB-ve
Nuclear maturation (%) 85.52%+2.92 | 78.41%=+3.91 | 86.48% £ 3.07 | 79.9%=3.82

Parthenogenetic activation (%) | 88.91%+3.65 | 70.57%+3.28 | 87.98%+4.91 | 69.03% +5.26

Expression of stress and apoptosis-related genes in BCB-MSOT scanned porcine COCs

Gene expression analysis of five genes (supplementary table 1) chosen for their roles in cell stress
and apoptosis were conducted to determine whether BCB staining and irradiation from MSOT
scanning is stressful to oocytes. Differential expression of the stress-associated gene 7P53 and
three genes related to apoptosis, BCL, BAK (BCL2-antagonist/killer), and CASP3 (caspase 3), was
analyzed by quantitative real-time RT-PCR in two pools of 50 to 60 randomly-selected COCs from

scanned and control ovaries without considering their developmental competence (Figure 7.a).
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Three replicates were conducted for each experiment. Figure 7.b shows that no significant
difference was detected in relative mRNA expression of 7P53, BCL, BAK and CASP 3 (p<0.05),
between oocytes isolated from BCB-MSOT scanned and control ovaries. Studies in humans and
mice have revealed a clear relationship between in vitro culture related stress and 7P53 expression
in embryos[37]. BCL XL, BAK and CASP3 are members of two important regulatory families
involved in apoptosis. BCL XL and BAK are a pro-apoptotic members of the Bcl-2 family that

induce oocyte apoptosis when cytoplasmic levels are elevated [38].

DNA fragmentation assay

TUNEL analysis to detect DNA fragmentation was carried out as a further indicator of cell stress
and apoptosis, following the protocol described previously [39](figure 8. a-c). A TUNEL score
was determined as the percentage of COCs showing signs of DNA fragmentation, as indicated by
a fluorescent signal. There was no significant difference in TUNEL score between oocytes isolated
from BCB-MSOT scanned ovaries (31.26% + 4.23) and from control ovaries (30.11%=* 2.97).
Though it is not clear whether the BCB test could serve as an indirect marker of oocyte apoptosis,
our investigation of the probable effect of MSOT scanning on oocyte quality revealed that it
imposed no apparent stress on the oocyte. The average exposure time for each ovary was ~ 25 min,
with maximal flux ~20 mJ cm ~2 (per pulse) and average intensity of 200 mW c¢m ~2 at the surface
(at 750 nm). Although not directly relevant for our imaging experiments, these per-pulse energy
levels and average power of the laser were below the MPE levels for human skin [40]. There exists
no regulatory guideline for irradiation of internal organs or reproductive tissue, and researchers
commonly determine damages by visual observation or cryoslicing extracted tissue. The
histological and SPIM evaluations showed no physical damage to the tissue. Due to extended

processing time and exposure of oocytes due to imaging, we also conducted the DNA
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fragmentation checks. We found no evidence of DNA fragmentation in the cumulus layer in
immature porcine COCs. This is consistent with a similar finding in cattle where no TUNEL signal
was obtained in cumulus cells of immature oocytes[41]. Thus, the DNA fragmentation assay and
relative mRNA expression of important apoptosis-related genes indicate that BCB-MSOT

scanning does not cause stress to the oocytes.

Discussion and Conclusions

We describe a novel combination of ovarian follicle imaging with BCB as intra-vital contrasting
medium using MSOT technology. The volumetric optoacoustic scanning (planar imaging plus Z-
translation) provided suitable anatomical landmarks, and multi-wavelength acquisition allowed
spectral resolution of the contrast agent (BCB). The anatomic scans using single wavelength
optoacoustic images and 3D acquisitions distinctly show the follicular antrum and theca interna
layers (figure 3, video 1), allowing individual follicles to be easily identified. The segmentation
and volumetric evaluation of the follicles from anatomic data (as carried out in ultrasonic
evaluation of ovaries in clinical cases) can also be achieved using the MSOT data [5,42]. However,
such evaluations are beyond the scope of the current article; and are anyway redundant and
insufficient in view of the availability of superior molecular information (BCB contrast) provided

by MSOT.

Ovarian follicles were validated by a state-of-the-art SPIM system specifically designed for
ovarian follicle imaging. Clearly distinguishable COCs protruding into the follicular antrum of

several antral and Graafian follicles were measured at 40-110 um, and their correlation with the

http://mc.manuscriptcentral.com/jrsi

Page 12 of 82



Page 13 of 82

oNOYTULT D WN =

Under review for J. R. Soc. Interface

developmental stage of the follicles was as described by others [33] (supplementary figure 1).
SPIM imaging coupled with the cryosection and histological (H&E stained) images provided a

suitable measure to determine the efficacy of the BCB contrast enhanced MSOT imaging protocol.

The MSOT system has lower imaging resolution compared to microscopy but has the advantage
of being non-destructive, unlike SPIM and histological analyses. The high spatial resolution and
excellent contrast offered by BCB contrast-enhanced MSOT imaging provides quantitative
anatomical information similar to that obtained by ultrasonic measurements commonly used in
animal studies[33] and clinical practice[5]. Furthermore, the functional capability of MSOT as an
imaging modality allows visualizing the presence (or absence) of BCB contrast without disrupting
the follicle, opening up exciting new possibilities in molecular imaging for ART. Maintaining
oocyte viability was one of the most important criteria for our study and defined the choice of BCB
as a contrast medium and MSOT as a non-ionizing imaging modality. MSOT imaging added extra
few hours to the processing of COC and in vitro culture. The RT-PCR and embryo development
assay were done to see if the additional steps have any detrimental effect on the oocyte quality.
However, we found no contra-indications. Parthenogenetic activation and embryo development
indicated that the imaging was harmless and analysis of DNA fragmentation and expression of
important apoptosis-related genes indicated no apparent damage to the oocytes. Our investigation
provides further support for the use of BCB as a safe labelling agent for oocyte selection, and

demonstrates the applicability of MSOT in in vitro embryo production.

There is immense scope for improving ovarian imaging techniques, as existing methods provide
only crude information with questionable predictive value. Oocyte quality is certainly an important
factor determining the outcome of ART procedures, but so far it has not been possible to test oocyte

quality within a follicle. We therefore anticipate that a non-destructive method that reliably
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predicts the quality of the developing oocyte inside a follicle will be of great benefit. As illustrated
in the current article, an approach for functional oocyte and embryo assessment by ovarian imaging
with the use of an exogenous contrast agent, can indeed be a key new technology for artificial

reproduction.

The current study is a step beyond the conventionally practiced ultrasound guided antral follicle
count and the proxy biochemical tests used for predicting ovarian reserve. The proposed
methodology takes into account the quality, the competence and the developmental potential of
the oocyte residing in the follicles within the ovary. Recent advancements in MSOT technology
has allowed non-invasive assessment of intestinal wall [43], transvaginal imaging of ovaries [44],
and transrectal imaging of prostrate [45]. These technological progress in system design will
indeed be helpful in translating our imaging protocol to the clinics. Future development of the
approach will open new dimensions in follicular imaging delivering useful anatomical, functional
and molecular information without hampering the integrity of the follicle. Possible applications
include diagnosis of follicular cysts, empty follicle syndrome, and developmental studies. The
poor quality of retrieved oocytes due to improper timing of oocyte retrieval is an important factor
in the relatively low success rate of human IVF. In vivo visualization of oocytes in situ could help

practitioners to make informed decisions about timing oocyte retrieval.

Experimental Section

The materials and methods are detailed in the supplementary material. Additional results
(supplementary table 1 and figures 1-2) supporting the claims made in the manuscript are

included in the supplementary material.
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Figure 1. Wavelength dependent optoacoustic signal extinction curve for BCB: The optoacoustic
signal responses are measured at several pre-injection dilution coefficients (x =13mM stock
solution of BCB/DPBS) using the MSOT (cross-sectional) imaging at varying wavelengths. The BCB
solution was perfused through a transparent fine bore polyurethane tubing (0.86mm ID and
1.27mm OD) embedded inside a scattering agar block (7% intralipid by volume). The signal values
were determined by fitting an ROl and computing the mean image intensity across the ROI, each
for corresponding wavelengths (20WLs were recorded) and dilution coefficients. A
representative reconstructed an image (WL 690) is shown in an insert.
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Figure 2. Protocol for ovarian imaging: (1) BCB was injected into the ovarian follicles using a
ultrafine needle. (2) After BCB injection ovaries were imaged using MSOT. (3) Single
wavelength (690 nm) image of BCB contrast enhanced ovarian follicles are shown in anatomical
reference image, and the contrast from BCB molecules is spectrally resolved through a blind
unmixing process using 5 wavelengths (4) Following MSOT imaging oocytes were isolated by
aspiration and kept for further in vitro culture and analysis. (5) The final stage shows successful
formation of the embryo from the isolated oocytes extracted from the BCB+ MSOT scanned
ovarian follicles.
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Figure 3. The unmixed BCB channel obtained by using 5 wavelengths(a), the insert shows the
original position of the isolated oocyte, and a zoomed in 3D volume rendered version of the
selected single oocyte. (b) 3D rendering of entire ovary obtained using z-slacking and fast
scanning protocols (~ 5 min/ ovarian sample @ 10 Hz laser pulsation), approximate position of a
single viable oocyte is marked.
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Figure 4. Scan of (intact) ovaries ex-vivo before (a) and after (b) injection of BCB (100x diluted
13Mm stock solution) is shown. The post-injection images (normalized) of the ovaries show an
increase in relative contrast values. The box-plots of contrast values for two ovaries, before and
after the injection are shown (c). Fifteen (15) data-points in each ovary was chosen for
evaluation. Supplementary figure 2 shows the scatter plot of the data-points (both before and
after injection) for each of the follicles in individual ovaries.
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Figure 5. The cryosliced image of BCB+ porcine ovary (a), and the optoacoustic image of the
selected ovarian section is shown (b). The histological evaluation was done using H&E stains (c),
30 and validated using the SPIM imaging (d). Insert in (a) shows an isolated follicle which was

31 cleared and imaged using SPIM to obtain the corresponding anatomy for validation (d), the

32 arrow points to the attached COC. [Scalebars =1 mm)]
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Figure 6. Progression of BCB stained oocytes through different stages of maturation: (a)
Immature oocyte (b) Germinal Vesicle breakdown stage (c) appearance of first polar body and
(d) Mature oocyte with visible polar body and metaphase plate. Mitochondrial distribution of (e)
BCB+ ve oocytes showing uniform distribution with polar body and metaphase plate, (f) a
control oocyte showing uniform distribution with polar body and metaphase plate and (g) BCB —
ve oocyte arrested at germinal vesicle breakdown stage with non-uniform mitochondrial

distribution. All scale bars indicate 100 um.
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Figure 7. . The Reverse transcription PCR of (a) apoptosis associated and stress associated genes
in MSOT scanned oocytes (exposure 5-20 mins). The panel (b) shows the statistical significances
26 for tests conducted with R-Actin, BCL BAK and TP53 -- no significant DNA damage due to BCB
27 and/or MSOT scanning is observed.
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Figure 8. DNA fragmentation detection (bright-field images) by TUNEL assay (a) Porcine oocyte
with no detectable DNA fragmentation, (b) BCB +ve porcine oocyte with DNA fragmentation,
and (c) control oocyte with DNA fragmentation. The corresponding fluorescent channel images
of (a-c) are shown (d-f) on the same scale.
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Supplementary Information

Material and methods

1.1. BCB dilution and spectrum calculation

BCB contains a primary amine on the benzenoid structure (®-NH,), a tertiary amine (R3N) and a
quaternary ammonium salt (R4N+), the chemical structurel!! is included in Fig 1b (Zhang et. al,
Appl Spect, 98). The optical and optoacoustic response of BCB was characterized using
spectroscopic measurements (Ocean optics USB4000-FL, Bandwidth: 351-1043nm) and direct
optoacoustic measurements with different concentrations of BCB diluted in PBS. Spectroscopic
measurements show the absorption peak at 620 nm. However, this wavelength cannot be used for
optoacoustic a measurement because the laser is optimized in the range 680-900 nm for maximum
tissue penetration. We measured the optoacoustic spectrum by placing a fine bore polyethylene
tubing (0.86mm ID and 1.27mm OD) embedded within a diffusing agar block (for uniform
illumination) and perfusing BCB solutions at six different concentrations. The stock solutions (1
M) were diluted to achieve the desired concentration of 13mM. We probed different dilutions of
this base concentration to find the correct usable concentration in tissue. The signals were acquired
by an array of 256 detectors (averaged signal over 50 acquisitions) using 10 wavelengths (680nm
-730nm at intervals of 10nm = 6 wavelengths, 730 nm, 760 nm, 800 nm, 850 nm, and 900 nm). The
images were reconstructed using IMMI method (see section 1.2 for explanation) with non-negative
constrains. The signals were normalized for laser power over all 20 wavelengths and the lumen of
the tubing was segmented. Thereafter the spectral signal amplitude was obtained as an average of
the integral intensity value across the segmented lumen and plotted for different concentrations of

solution (Figure 1).
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1.2 MSOT Imaging Protocol

Porcine ovaries were brought from a slaughterhouse to the laboratory, within one hour of
collection, in a temperature-controlled box maintained at a temperature of 39°C. Ovaries were
thoroughly washed with pre-warmed (39°C) Dulbecco's phosphate-buffered saline (DPBS)
solution containing 0.1% polyvinyl alcohol and penicillin, streptomycin solution. Then, 50 pl
samples of 13 mM BCB were carefully injected into 4-6 mm follicles using a fine 29 G needle
(figure 2.a). The ovary was then fixed using a polythene film inside the MSOT scanner (Figure

2b).

Imaging of explanted ovaries was performed by cross-sectional optoacoustic acquisition geometry
using a commercial small animal multispectral optoacoustic tomography (MSOT) scanner (Model:
MSOT256-TF, iThera Medical GmbH, Munich, Germany). The scanning system consisted of a
custom-made 256-element array of cylindrically-focused piezocomposite transducers with 5 MHz
central frequency for simultaneous acquisition of the signals generated with each laser pulse. The
transducer array covered an angle of approximately 270° and had a radius of curvature of 40 mm.
Light excitation was provided with the output laser beam from a wavelength-tunable optical
parametric oscillator (OPO)-based laser shaped to attain ring-type uniform illumination on the
surface of the phantoms by means of a custom-made fiber bundle. Detected optoacoustic signals
were simultaneously digitized at 40 Mega samples per second. The scanner was capable of
rendering 10 cross-sectional images per second, but here the images were averaged 10 times in

order to improve SNR performance in acquiring cross sections of the entire ovary. The acquired
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signals were initially band-pass filtered with cut-off frequencies between 0.1 and 7 MHz to remove
low-frequency offsets and high-frequency noise, and subsequently, input to a reconstruction
algorithm rendering a cross-sectional distribution of the optical absorption.

The acquired images were reconstructed with the exact numerical model-based
reconstruction algorithm[?l, termed interpolated-matrix-model inversion (IMMI). The choice of
IMMI was motivated by the need to have more quantitative optoacoustic reconstructions by taking
into account the various experimental imperfection, retaining frequency information and
mitigating artifacts, which are characteristic of the named class of algorithms. It is based on a least-
squares minimization between the measured pressure at a set of locations and instants (expressed
in a vector form asp) and the equivalent theoretical pressure predicted by a linear model obtained
from a discretization of the optoacoustic forward solution. Optical absorption at the pixels of the
ROI, expressed as vector formF, was calculated as follows

F = argming||Af — p||? + 22||Lf||?,
where A is the linear operator (or model matrix) mapping the optical absorption to the acoustic
pressure. Standard Tikhonov regularization was employed to minimize high-frequency noise in
the inversion process, which is particularly beneficial in presence of limited view problems. The
matrix L represents a high-pass filter operation as described by Dean-Ben et. al [*l. The model-
based inversion procedure can be further modified to account for speed-of-sound variations in the
medium or to minimize artefacts due to internal reflections in case these cause undesired distortion
in the images. In the current implementation, the computational time of model-based
reconstruction was approximately 1.28 s in an Intel Core2 Duo CPU E8400 operating at 3.00 GHz

and with 8 GB of RAM and was accelerated with GPU-based processing. We employed a grid of
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200x200 pixels corresponding to a field of view of 25 mm x 25 mm (125 pm pixel size), which is
adapted to the actual resolution of the system [4,

The ovarian images are obtained ex- vivo, they are extremely noisy and have low intrinsic contrast.
To combat the situation and improve quantitative imaging performance we used non-negative

constrained IMMI methods [>6], which are more accurate but computationally expensive.

1.3 Spectral unmixing to identify BCB contrast

The MSOT is capable of selectively quantifying the distribution of specific biomarkers using
multispectral information. We used a vertex component analysis (VCA) based fast blind unmixing
method to map the distribution of BCBI"1. Since the internal molecular composition of fluid inside
the follicles was not spectrally evaluated, the problem was treated mathematically as a two object
problem — the tissue and the BCB contrast. Thus, in our approach, we unmixed specifically for the
presence of BCB within the ovarian follicle, given that the presence of BCB+ structure helped
identify the competent follicles. The VCA based spectral unmixing method was able to arbitrarily
identify two channels and display the corresponding spectrum. The spectra were then matched
with the optoacoustic spectrum of BCB experimentally measured and mapped to the corresponding
tissue components and the BCB channel. For the mathematical formulation of the method used

and its efficacy is given by Dean-Ben, X. Luis, et al (2014).

1.4 Validation of imaging using SPIM and histological evaluations

The MSOT equipment has a limited resolution (150 um), so to validate MSOT images at higher
resolution, randomly selected MSOT-scanned ovaries were subjected to SPIM analysis. A state-
of-the-art SPIM system with an axial resolution of 11 um was built in-house to optimally support

imaging of ovarian follicle specimens (supplementary figure 3). The light source was an 80 mW
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continuous wave DPSS laser at 670 nm (Frankfurt laser company, Germany), with a beam quality
factor M?>=1.10. A 5X telescope system was used to expand the beam diameter to 10 mm to allow
excitation of the full width of the ovary samples. A beam splitter was used to divide the main beam
to allow double-sided illumination and reduce effects of light attenuation due to absorption and

scattering when imaging through large samples.

Supplementary Figure 3a shows a side-view of the SPIM system. Thin sheets of light were
generated using cylindrical lenses with focal lengths of 40 mm. The light sheets were oriented
horizontally, with the sample centered at the beam waist. To capture 2D fluorescent images, a 5-
MP scientific complementary metal oxide semiconductor (sCMOS) camera (Model: pco.edge,
PCO AG, Kelheim, Germany) was placed directly above the sample, facing downwards. The high-
end scientific camera allows acquisition of up to 100 frames per second with 2560 x 2160 pixel
resolution and high sensitivity supported by a dynamic range of 14 bits and 1.0 e- readout noise.
An EC Epiplan-Neofluar objective (Zeiss, Germany) with a magnification of 2.5X and an NA of
0.06 was used because it provided a large working distance of 35 mm, and 220 pm depth of field.
Fluorescence signals were filtered using a 716/40 fluorescence filter (Chroma, USA), and a tube
lens used to relay the fluorescent image into the camera. The imaging system was characterized
using line pair targets, and determined to have an effective field-of-view (FOV) of 10x9 mm with
<6 pm lateral resolution. The axial resolution was found to be 17 um at the beam waist expanding

to about 60 um at 3 mm distance from the center of the FOV.

The Murray's clear protocol was used for chemical clearing of the samples. Follicles were
dehydrated using 50%, 80%, and 100% ethanol for 12 hours each, repeating the last step twice.
The samples were then cleared in 2:1 benzyl alcohol/ benzyl benzoate (BABB) solution for 6

hours.
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Samples were fixed on a holder and placed inside the sample chamber. A linear motorized stage
(Thorlabs, USA) was used to translate the chamber vertically, allowing different planes to be
excited by the light sheet. Rapid translation enabled stacks of up to 600 cross-sectional SPIM
images to be collected within two minutes. During imaging, the sample chamber was filled with
BABB solution to match the refractive index of the medium to the sample, avoiding image
distortion. A glass sample chamber was used to avoid reaction with BABB. Image analyses to

extract morphological measurements were carried out using ImagelJ software.

1. 5 Quantitative real-time PCR

To assess the effect of MSOT on oocyte viability, scanned and non-scanned control ovaries were
transferred to the laboratory for further culture; transfer was made within 2 hours and temperature
maintained at 39° C. BCB-infused follicles of 3-8mm diameter were aspirated using a vacuum
suction machine 18-gauge needle(figure 1 d). Oocytes were cultured at 39° C under 5% CO, in the
air and maximum humidity for 46 h. After 46 h of IVM, the nuclear maturation rate was calculated.
Oocyte developmental potential was assessed by parthenogenetic activation by incubating in [IVM
medium containing 5 uM Ca-ionophore A23187 (C7522) for 5 min at 39°C under 5% CO, in the
air. After activation, oocytes were cultured in 500 pl porcine zygote medium (PZM 5 IFP) in 4
well dishes (Nunc GmbH, Co.KG, Germany) at 39°C in 5% CO, in air for 7 days. Embryo

development was observed microscopically and cleavage assessed 48 h post-activation (figure 1
e).

The relative mRNA expression of apoptosis-related genes was evaluated by quantitative RT-PCR
of groups of 50 to 60 COCs aspirated from MSOT -scanned and non-scanned control ovaries.
Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Europe) according to the

manufacturer’s instructions. Sample purity was assessed using the A260/A280 nm ratio with
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expected values between 1.8 and 2.0, RNA samples were treated with TURBO DNA-free™ Kit
(Life Technologies) to remove genomic DNA. Reverse-transcription reactions were performed
with 0.5—-1 pg total RNA using the SuperScript® III First-Strand Synthesis System for RT-PCR
(Life Technologies) and random hexamer as a primer, according to the manufacturer’s
instructions. For each sample, negative controls lacking reverse transcriptase were prepared using
the identical procedure. Primers for BAK, CASP3, BCL XL , TP53, and a housekeeping gene ACTB
(beta-actin) were designed using 'Primer3' software. The predicted sizes of amplified fragments
are listed in Supplementary Table 2. Real-time PCR amplification was conducted using an ABI
7300 real-time PCR System (Applied Biosystems). A KAPA SYBR FAST q PCR Kit (Kapa
Biosystems) was used to provide real-time quantification of the amplified products. Three
replicates of each reaction were measured and the mRNA level of each sample was normalized to

that of B actin. The relative levels of mRNA were analyzed by the AACt method.

1. 6 DNA fragmentation assay

The TUNEL (Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling)
procedure was used to fluorescein-dUTP label 3'-OH ends of DNA fragments generated by
apoptosis, allowing detection of apoptotic cells by fluorescence microscopy. Fixed and
permeabilised oocytes were subjected to the TUNEL assay procedure using an in situ apoptosis
detection kit (Takara Bio INC., Japan) according to the manufacturer’s instructions. COCs were
fixed for 30 minutes at room temperature in PBS (pH 7.4), permeabilised for 5 min on ice in
permeabilisation buffer, and then washed once in PBS in preparation for the TUNEL procedure.
COCs were incubated with terminal transferase and labelled nucleotide solution in a humidified,
sealed chamber in the dark at 37°C for 1 h. Before observation the slides were overlaid with a

cover slip and the edges sealed with quick drying nail polish. The slides were evaluated using an
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epifluorescence microscopy (Green excitation filter and Carl Zeiss). Oocyte showing discrete
pinpoint fluorescent green signals were judged to be positive for DNA fragmentation. The

apoptosis score was expressed as a percentage of the total.

1. 7 Statistical analysis

The statistical data was analyzed using GraphPad Prism (GraphPad Software, Inc. USA) after
arcsin transformation of percentage values. Differences between mean percentages were analyzed

by one-way ANOVA. A value of P <0.05 was considered to be statistically significant

1.8 In vitro embryo culture

A vital aspect of the experiment was to investigate if MSOT scanning hampers the viability of the
oocytes. In order to assess the effect, the sample was rushed back to the lab within 2 hours of
MSOT scanning, a constant temperature of 39°c maintained to allow further culture. Post-MSOT
imaging BCB infused follicles with a diameter of 3-8mm were aspirated using a vacuum suction
machine 18-gauge needle. A group of unscanned ovaries maintained at 39 °c was also infused with
BCB at similar concentration formed the control group. Aspiration medium consisted of HEPES-
buffered TCM 199 (M 2520) with 26 mM NaHCO3 (S 5761), 1 mM L-glutamine (G 8540), 0. 5-
mg/ml polyvinyl alcohol (P 8136), 50 pg/ml gentamicin (G 1264) and 20 U/ml heparin (H 3149).
Oocytes (COCs) were retrieved in the same medium without heparin using a stereomicroscope. A
total of 130 BCB+ve and 120 BCB-ve oocytes were isolated from the MSOT scanned ovarian
follicle (fig) .From the control group oocyte 134 BCB +ve and126 BCB —ve oocytes were

aspirated. Oocytes were cultured at 39°C under 5% CO2 in the air and maximum humidity for 46
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h. The maturation medium consisted of TCM 199 (M 2154) with 1 mM L-glutamine, 1 mM sodium
pyruvate (P 3662), 0.1 mM 2-mercaptoethanol (M 7522), 50 ng/ml epidermal growth factor (E
4127), 50 pg/ml gentamicin and 0.1% (w/v) BSA (A 3311). During the first 24 h of IVM, the
medium was supplemented with 10 IU/ ml PMSG and 5 IU/ ml hCG (MSD Tiergesundheit,
Germany) and 5 pl/ml ITS (recombinant human insulin, human transferrin, and sodium selenite, |
3146). After 46 h of IVM nuclear maturation rate and developmental potential after
parthenogenetic activation and IVF was examined. Also, the DNA damage was assessed by
TUNEL assay and relative m RNA expression of a group of apoptotic related Genes were also
seen. BCB positive oocytes were selected for further culture and a control group of mixed oocytes
were kept. After IVM culture, cumulus investments were removed from the oocytes by gentle
pipetting. Oocytes were then fixed for 30 minutes in 0.5% glutaraldehyde (500u1 PBS+10 pl 25%
glutaraldehyde G-5882), washed in 500 pl PBS for 5 minutes then transferred to 500 ul Hoechst
(B2261) stain solution (0.1%). The nuclear status was evaluated by epifluorescence microscopy
(UV filter and Carl Zeiss) using standard measures like germinal vesicle breakdown, condensation

of chromatin and appearance of the first polar body as confirmation of nuclear maturation

1. 9 Parthenogenetic activation of porcine oocytes

Oocytes were activated chemically to assess their developmental competence. After 46 h IVM
culture, COCs were manually denuded by mouth pipetting, then activated by incubating in IVM
medium containing 5 uM Ca-ionophore A23187 (C7522) for 5 min at 39°C under 5% CO2 in air.
Oocytes were washed three times in IVM culture medium and incubated in 500 pl droplets
containing 2 mM6-DMAP (6-dimethylaminopurine, D2629) and covered with mineral oil in an
incubator at 39°C under 5% CO2 in air for 4 h. After activation, oocytes were cultured in 500 pl

porcine zygote medium (PZM 5 IFP) in 4 well dishes (Nunc GmbH, Co.KG, Germany) overlaid

http://mc.manuscriptcentral.com/jrsi
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with 500 pl mineral oil (M8410). The dish was incubated undisturbed at 39°C in 5% CO2 in air

for 7 days. Embryo development was observed microscopically and cleavage assessed at 48 h post-

activation.
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Data Tables

Supplementary Table. 1

Genes Primer Sequences Annealing Product Accession
Temperature Size (bp) | no.

B- Actin F-5"GTGGACATCAGGAAGGACCTCTA 3° 58°C 135 U07786
R-5’ATGATCTTGATCTTCATGGTGCT 3°

Bak F-5CAGCACCATGGGGCAGGTAG3’ 58°C 150 AJ001204.1
R-5’AGGCTGGAGGCGATCTTGGT3’

Caspase 3 | F-5>GCCGAGGCACAGAATTGGAC 3° 58°C 180 AB029345.1
R-5’GCGCTGCACAAAGTGACTGGY’

TP53 F-5’CTTTGAGGTGCGTGTTTGTG3’ 60°C 152 AF098067.1
R-5’CGGATCTGGAGGGTGAAATAZY’

Bel x1 F- 5 TGAAGCAAGCGCTGAGG 3’ 58°C 117 AF216205.1

R- 5> TCACCCCATCCCGGAAG ¥’
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Supplementary Figure 1. Validation of imaging studies with SPIM: (a) The construction and
components of the customized SPIM system for ovarian imaging; (b) quantitative analysis of the
oocyte size versus the follicle size. Blue circles are data points taken from the SPIM images. 30
data points were taken from SPIM results of two different samples. Histological data of porcine
ovarian follicles previously reported in literature are shown in red. R2 (adjusted coefficient of
determination) = 0.76, indicating good agreement. Follicles can be categorized according to
physical dimensions as: primary (violet) with COC ~60um, early antral (yellow), with COC ~80um,

Oocyte size (um)

or Graafian follicles (green) with COC ~120um.

Follicle size (mm)
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Supplementary Figure 2. Scatter plot of the data-points before (hollow circles) and after injection
(solid triangles) for each of the follicles in ovarian sample 1 (blue) and sample 2 (red) is shown.
Most of the selected follicles shows increase in signal intensities, however in few there is no
observable change (Red — 5, 7; blue — 5, 11), signifying such follicles to be in developing phase,

and leading to loss of BCB contrast.
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Figure 1. Wavelength dependent optoacoustic signal extinction curve for BCB: The optoacoustic signal responses
are measured at several pre-injection dilution coefficients (x =13mM stock solution of BCB/DPBS) using the MSOT
(cross-sectional) imaging at varying wavelengths. The BCB solution was perfused through a transparent fine bore
polyurethane tubing (0.86mm ID and 1.27mm OD) embedded inside a scattering agar block (7% intralipid by
volume). The signal values were determined by fitting an ROl and computing the mean image intensity across the
ROI, each for corresponding wavelengths (20WLs were recorded) and dilution coefficients. A representative
reconstructed an image (WL 690) is shown in an insert.
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33 Figure 2. Protocol for ovarian imaging: (1) BCB was injected into the ovarian follicles using a ultrafine needle. (2)
34 After BCB injection ovaries were imaged using MSOT. (3) Single wavelength (690 nm) image of BCB contrast
enhanced ovarian follicles are shown in anatomical reference image, and the contrast from BCB molecules is
spectrally resolved through a blind unmixing process using 5 wavelengths (4) Following MSOT imaging oocytes
38 were isolated by aspiration and kept for further in vitro culture and analysis. (5) The final stage shows successful
39 formation of the embryo from thetisslateth abEftEs Extracted/ from the BCB+ MSOT scanned ovarian follicles.
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Figure 3. The unmixed BCB channel obtained by using 5 wavelengths(a), the insert shows the
original position of the isolated oocyte, and a zoomed in 3D volume rendered version of the
selected single oocyte. (b) 3D rendering of entire ovary obtained using z-slacking and fast scanning
protocols (~ 5 min/ ovarian sample @ 10 Hz laser pulsation), approximate position of a single
viable oocyte is marked.
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Figure 3. Scan of (intact) ovaries ex-vivo before (a) and after (b) injection of BCB (100x diluted 13Mm stock solution) is shown.
The post-injection images (normalized) of the ovaries show an increase in relative contrast values. The box-plots of contrast
36 values for two ovaries, before and after the injection are shown (c). Fifteen (15) data-points in each ovary was chosen for

37 evaluation. Supplementary figure 2 shows the scatter plot of the data-points (both before and after injection) for each of the

38 follicles in individual ovaries. , .
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Figure 4. The cryosliced image of BCB+ porcine ovary (a), and the optoacoustic image of the selected ovarian section is
shown (b). The histological evaluation was done using H&E stains (c), and validated using the SPIM imaging (d). Insert in
(a) shows an isolated follicle which was cleared and imaged using SPIM to obtain the corresponding anatomy for

validation (d), the arrow points to the attachﬁﬁlp(_: c.ﬁ&ﬁ&?%&éﬂt&%/jrsi
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Figure 5. Progression of BCB stained oocytes
through different stages of maturation: (a)
immature oocyte (b) Germinal Vesicle
breakdown stage (c) appearance of first polar
body and (d) Mature oocyte with visible polar
body and metaphase plate. Mitochondrial
distribution of (e) BCB+ ve oocytes showing
uniform distribution with polar body and
metaphase plate, (f) a control oocyte showing
uniform distribution with polar body and
metaphase plate and (g) BCB —ve oocyte
arrested at germinal vesicle breakdown stage
with non uniform mitochondrial distribution. The
cumulative IVF Fertilization rate post treatment
and MSOT scanning achieved is 76%(39/51) All
scale bars indicate 100 um.
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Figure 6. The Reverse transcription PCR of (a) apoptosis associated and stress associated genes in MSOT scanned
oocytes (exposure 5-20 mins). The panel (b) shows the statistical significances for tests conducted with B-Actin, BCL
BAK and TP53 -- no significant DNA damage due to BCB and/or MSOT scanning is observed.
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Figure 7. DNA fragmentation detection (bright-
field images) by TUNEL assay (a) Porcine oocyte
with no detectable DNA fragmentation, (b) BCB
+ve porcine oocyte with DNA fragmentation, and
(c) control oocyte with DNA fragmentation. The
corresponding fluorescent channel images of (a-
c) are shown (d-f) on the same scale.
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Supplementary Figure 1. Validation of imaging studies with SPIM: (a) The construction and components of the
customized SPIM system for ovarian imaging; (b) quantitative analysis of the oocyte size versus the follicle size.
Blue circles are data points taken from the SPIM images. 30 data points were taken from SPIM results of two
different samples. Histological data of porcine ovarian follicles previously reported in literature are shown in red.
R2 (adjusted coefficient of determination) = 0.76, indicating good agreement. Follicles can be categorized
according to physical dimensions as: primary (violet) with COC ~60um, early antral (yellow), with COC ~80um, or
Graafian follicles (green) with COC ~120um.
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30 Supplementary Figure 2. Scatter plot of the data-points before (hollow circles) and after injection (solid triangles)
31 for each of the follicles in ovarian sample 1 (blue) and sample 2 (red) is shown. Most of the selected follicles

32 shows increase in signal intensities, however in few there is no observable change (Red -5, 7; blue — 5, 11),

33 signifying such follicles to be in developing phase, leading to loss of BCB contrast.
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