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Abstract

We explored the influence of embryonic bioactivity on the water structure
using near-infrared (NIR) spectroscopy and imaging. Four groups of
Japanese medaka fish (Oryzias latipes) eggs were studied: (a) one group of
eggs was activated by fertilization, and (b)-(d) three groups of eggs were
non-activated because embryogenesis was stopped or not started by (b)
culturing under cold temperature, (c) instant freezing or (d) the lack of
fertilization. The yolks of the activated eggs contained higher proportions of
weakly hydrogen bonded water than those of non-activated eggs. A possible
factor responsible for the significant changes in the water structure was
revealed to be a protein secondary structural change from an a-helix to a -
sheet in the activated eggs. NIR images of the activated eggs successfully
visualized the water structural variation in the yolk with a higher proportion
of weak hydrogen bonds due to the activation of embryonic development.
The embryogenic activity could be assessed through the water hydrogen
bond network, which is affected by newly generated proteins with different

secondary structures.
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Introduction

The mechanism of the birth of life is mysterious and still attracts
considerable interest of humanity. The development of animals is initiated
by fertilization, and various proteins are synthesized by gene expression. The
developmental process is precisely controlled by the production of the
required RNAs and proteins precisely when they are needed. Studies in
various research fields such as genome analysis, proteomics, the specific
amplification of RNA, the library construction of cDNA, and fluorescence
staining have been conducted to elucidate the phenomenon of birth.!> These
technologies enable the unraveling of embryogenesis at the molecular level.
However, these methods are basically destructive or invasive, and it remains
challenging to explore material variations in embryos in situ at the molecular
level and in a noninvasive manner. Therefore, the aim of our present study is
to disclose the process of life birth in situ while keeping embryos alive

without staining.



Near-infrared (NIR) spectroscopy is a vibrational spectroscopy that is
similar to infrared (IR) and Raman spectroscopies.®” In the NIR wavelength
region, absorbance bands due to the overtone and combination modes of
molecular vibrations, the so-called forbidden transitional modes, are
observed.® " Therefore, the NIR region has an advantage with respect to the
permeability over the visible (Vis) and infrared (IR) regions. In particular, a
small disturbance due to water absorption in the NIR region enables
nondestructive and noninvasive studies of aqueous samples on the order of
millimeters in thickness, while in the mid-IR region, samples on the order of
micrometers can be investigated.!! As a Raman band due to water, the
intensity of the O-H bending mode at 1650 cm™! is weak, and the contribution
is hidden in the amide 1 region near 1650 cm™.!% 13 Moreover, the symmetric
and asymmetric O-H stretching modes appearing at 3250 and 3400 cm!,
respectively, are difficult to detect with high accuracy because of a decrease
in the detector sensitivity.!*> Therefore, Raman spectroscopy has some
difficulties enclosing the structure of biological water in situ. That is, NIR
spectroscopy is suggested to be the only way to investigate water and

proteins simultaneously in situ. Water is the main component of biological



samples. The biological reactions occur within aqueous solutions, and the
effects of these reactions should be reflected in the structure of water. The
concentration gradient of biomolecules and their molecular structure also
affect the water structure through hydrogen bonds. Therefore, metabolic
activity caused by gene expression, which promotes protein production or
protein structural changes, is expected to be measurable through variations
in the water structure using NIR spectroscopy and imaging.

The structure of water is one of the most basic scientific issues studied
experimentally and theoretically by many research groups for nearly a
century; however, it has not yet been fully elucidated.'* The two major
models for water structure are as follows: (1) water is a mixture of different
components,'>2° and (2) water is a continuum system in which hydrogen
bonds are continuously varied.?> ?? Vibrational spectroscopies, such as IR,
Raman, and NIR spectroscopies, support the former model. According to
these techniques, water consists mainly of two components, namely, weakly
hydrogen bonded (WHB) and strongly hydrogen bonded (SHB) water.!>2°
Sagi¢ et al. investigated the NIR spectra of water in the 1300-1600 nm region

over a temperature range of 6-76 °C.!® These researchers concluded that



more than 99% of the water spectra could be explained by only two species
of water (WHB and SHB water).!¢ Czarnik-Matusewicz et al. also analyzed
water structural variations due to a temperature variation in the range of 25—
80 °C using the NIR (8000-4000 cm™) and mid-IR (MIR, 40002590 cm!)
regions.!” The results revealed the presence of two spectral components that
individually changed depending on the temperature variation.!” A Raman
study of water in the range of -23-45 °C also showed two main structural
forms of water.?’

NIR imaging has been a matter of keen interest because it provides the
nondestructive spatial distribution of chemical components, even for thick
materials.?> 2* This method has been used for a variety of applications
including the quality evaluation of foods and pharmaceutical tablets, the
diffusion process of solvents in tablets and polymers, and the component and
crystallinity distributions of polymers.®® 2> In our previous studies, the
embryogenesis of fish eggs was investigated as an application of NIR
imaging in biology.?**° The relative content of proteins and lipids drastically
changed on the day just before hatching, which enabled the prediction of

hatching on the next day with a higher than 99% accuracy.?® Furthermore,



owing to the metabolic changes within egg yolks, the proteins with a-helix-
or B-sheet-rich structures clearly showed different variation patterns during
the course of egg development.?® Using a newly developed Fourier transform
(FT)-NIR imaging system with a partial movable mirror, heartbeat signals of
fish egg embryos were extracted, which enabled the visualization of the
blood flow of a fish egg in vivo in addition to the biomolecular distribution
of water, proteins, and lipids.°

In the present study, the influence of embryonic bioactivity on the water
structure was investigated for Japanese medaka fish (Oryzias latipes) eggs
using NIR spectroscopy and imaging. The variations in the egg yolk
components, such as proteins, lipids, and water, were investigated. These
variations were compared among four different groups of egg samples: (a)
the first group of eggs was activated by fertilization, and three groups of eggs
were non-activated because embryogenesis was stopped or not started by (b)
culturing under cold temperature, (c) instant freezing or (d) lack of
fertilization. The proportion of WHB water in the yolks of activated eggs
was higher than that in the non-activated eggs. A few characteristics that may

influence the water structure, such as the temperature, ion concentration,



protein concentration, and protein secondary structural changes, were
examined. A possible factor responsible for the significant changes observed
in the water structure was the protein structural changes. The secondary
structural change from an a-helix to a -sheet was confirmed in the fish eggs
via Raman spectroscopy. That is, embryonic activity could be assessed
through the hydrogen bond network of water, which is affected by gene
expression and newly generated proteins with different secondary structures.
We aimed to better understand the differences between whether a new life
will be born or not by investigating "water" as the main component of

biology from the standpoint of molecular spectroscopy.

Materials and methods
Fish eggs

Fish eggs were obtained from adult Japanese medaka (Oryzias latipes).
The fish were kept at a water temperature of 25 °C and spawned eggs in the
morning. The egg size was approximately 1.5 mm in diameter. A fertilized
egg contains three major components: an egg yolk, oil droplets, and a

blastodisc, which develops into the fish body. Some eggs were unfertilized,



perhaps because of their low quality, although the reason was not identified.
An unfertilized egg does not have a biased configuration as in a fertilized
egg, and small oil droplets are scattered universally all over the egg.

In the present study, the variations in the components of the yolk, such
as proteins, lipids, and water, were investigated and compared for four
different kinds of egg samples: (a) eggs that were activated by fertilization
and three kinds of non-activated eggs where embryogenesis was stopped or
not started by (b) culturing under cold temperatures, (c) instant freezing or
(d) the lack of fertilization. The eggs in group (a) were collected on the day
of fertilization (FD) and showed normal egg development. Thus, these eggs
were expected to have the highest metabolic activity. The eggs in group (b)
were fertilized eggs that were collected on the FD and were incubated at
3 °C; their development was stopped. The eggs in group (c) were prepared
by freezing the fertilized eggs that were collected on the FD with liquid
nitrogen so that their living activity was stopped at that moment. NIR
measurements of the eggs in group (c) were performed after they were
thawed and retained at 25 °C. The eggs in group (d) were unfertilized and

exhibited relatively low metabolic activity because there was no gene



expression due to egg development.

The study was approved by the ethics committee of Kwansei Gakuin
University. The experiments were performed in accordance with the
fundamental guidelines for proper conduct of animal experiments and related
activities in academic research institutions under the jurisdiction of the

Ministry of Education, Culture, Sports, Science and Technology in Japan.

NIR measurements

NIR measurements were performed in both point mode and imaging mode
using a Perkin-Elmer (Waltham, MA) imaging system consisting of a
Spectrum One FT-NIR spectrometer coupled to a Spectrum Spotlight 300
NIR microscope. In the point mode measurements, NIR absorbance spectra
were recorded in the 7800-4000 cm™ region at a 4 cm™! spectral resolution,
with an accumulation of 60 scans. To reduce individual variations and local
dependencies, 10 NIR spectra were obtained from the yolk components per
egg. The mean NIR absorbance spectra were calculated for each egg group
after preprocessing the baseline correction. Second derivative spectra were

calculated using the Savitzky-Golay method with 15 points. In the imaging

10



mode, NIR imaging data were measured in transmission mode over an area
of 1.5 x 1.5 mm? with a pixel size of 25 x 25 pm? and a spectral resolution
of 4 cm™! by adding four scans for a spectrum in the 6200—4000 cm ™! region.
To fix an egg for the NIR measurement, it was sandwiched between two glass
slides with two pinch cocks. The space between the two glass slides was set
at 0.36 mm using spacers. The distributions of biomaterials such as proteins,
lipids, and water were visualized by plotting the intensities in the second
derivative spectra of the notable peaks for each component, the wavenumber
of the peak positions, and the data extracted by chemometrics methods. For
spectral analysis, the chemometrics software Unscrambler X 10.2 (Camo
Analytics, Oslo, Norway), OriginPro 6.1 (OriginLab Corporation,

Massachusetts, USA), and Graph-R free software were used.

Sample preparation and NIR measurements in vitro

To quantitatively evaluate the magnitude of a water peak shift at
approximately 5200 cm™!, four kinds of perturbations were given to ultrapure
water: (i) temperature, (ii) ion concentration, (iii) protein concentration, and

(iv) the secondary structural changes of proteins. The protein reagents
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albumin (OVA), B-lactoglobulin, and bovine serum albumin (BSA) were
dissolved using 0.05 M Tris-HCI buffer. The detailed protocols for the
sample preparation and NIR measurements are exhibited in the Supporting

Information (SI) 1.

Results and discussion

Figure 1 depicts the mean NIR absorbance spectra in the 7800-4000 cm’!
region obtained from egg yolks of groups (a), (b), (¢), and (d). Broad features
due to water are observed at 7000 and 5200 cm’!. These two bands are
assigned to the combination of the antisymmetric and symmetric O-H
stretching modes and that of the antisymmetric O-H stretching and O-H
bending modes of water, respectively.?! The second derivative of the spectra
in Figure 1 in the 5000-4200 cm™! region is exhibited in Figure 2A. Weak
peaks due to the protein (4864, 4612, and 4538 cm™!) and lipid (4410, 4340,
4258 cm™') components are observed. The peak at 4864 cm™ is assigned to
the combination modes of the N-H stretching vibration and amide II (amide
A + 1I),> ¥ and the peak at approximately 4612 cm™ was due to the

combination modes of amide A and amide III (amide A + III).** The peak at

12



4538 cm! is also ascribed to the amide modes relating to the B-sheet structure
of proteins.** 3% The prominent peaks at 4338 and 4258 cm™! arise from the
combination modes of the C-H stretching and the bending modes of lipids or
aliphatic compounds; the residual band at 4410 ¢cm™ also comes from
lipids.>®37 In this way, NIR spectra allow us to probe the variations in water
and in proteins and lipids at the same time.

A comparison of the second derivative intensities of these six peaks
showed their decrements in the activated group (a) eggs and in the non-
activated group (b) eggs at a low temperature (Figure 2B). Notably, the
protein and lipid components decreased in groups (a) and (b) compared with
those in the other two groups of non-activated eggs, (¢) and (d). An egg yolk
contains sufficient energy, such as proteins and lipids, for egg development
and for after hatching until the first feeding.?® Therefore, the decrease in the
bands due to the proteins and lipids in groups (a) and (b) could be interpreted
as the increased usage of yolk components in groups (a) and (b) for egg
development. The degree of egg development of group (c) eggs seemed to
be similar to that of group (b) eggs because the eggs in both groups started

their development and then stopped it due to temperature stress. However,
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the temperature stimulation was more intense in group (c) than in group (b).
Since egg development in group (c) was rapidly stopped by liquid nitrogen,
the damage to the eggs was likely to be serious. The unfertilized eggs in
group (d) never started their development, and they did not consume their
pre-stored energy, except for that to live by itself. Therefore, the eggs in
groups (a) and (b) and those in groups (c) and (d) showed similar spectral
variations regarding the proteins and lipids (Figure 2B).

Figure 3A depicts the second derivative spectra in the 5500-5000 cm’!
region of the four kinds of egg yolk groups. The water band at 5250 cm’!
seemed to have different spectral properties from that at approximately 5170
cm’!, depending on egg groups (Figure 3A). To extract the different
components characteristic for each egg group, principal component analysis
(PCA) was carried out for the data set of the yolk second derivative spectra
on all egg groups.* Figure 3B and 3C show the score and loading plots of
principal component (PC) 1 and PC2, respectively. The dataset was roughly
grouped into two groups as activated (a) or non-activated (b)-(d) eggs, and
PC2 was used as the factor to discriminate between them (Figure 3B). The

second derivative spectral feature due to water was observed in the loading

14



plot of PC1 (Figure 3C), and PC1 scores merely exhibited the variation in
the peak intensities due to water. In contrast, the loading of PC2 showed a
different spectral pattern compared with that of PC1, and it contained three
peaks at 5336, 5276, and 5200 cm™ (Figure 3C). Figure 3D exhibits the mean
scores of PC2, and it revealed that the activated group (a) eggs had negative
values of PC2 on average, which means that the water species represented
by the loading plot of PC2 worked in a subtractive manner in egg group (a).
Hence, the PCA result can be interpreted as a water band at approximately
5200 cm! shifting overall to a higher wavenumber in the activated group (a)
than in the non-activated groups (b)-(d).

In the models of the water mixtures of different components, water
consists of two main species at room temperature: SHB (dominant
contribution at lower temperatures) and WHB (appearing at higher
temperatures) water.'> '® Sagi¢ et al. reported that temperature-dependent
NIR spectra of water could be explained using these two components more
than 99% of the time.!® A follow-up experiment regarding the temperature-
dependent NIR spectral variation of pure water was carried out. With an

increase in the water temperature, the proportion of WHB water species
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became higher, and the absorbance peak due to water at approximately 5250
cm! shifted to a higher wavenumber. The detailed data for the experiment
are described in S12. Therefore, the upward frequency shift of the water band
in the activated eggs (a) can be interpreted as the proportion of WHB water
species increasing due to the increase in egg bioactivity. To quantitatively
evaluate the relative water contributions, two parameters were calculated: (1)
the ratio of the second derivative intensity due to WHB and SHB water
species and (2) the peak shift of the second derivative spectra at

approximately 5250 cm™.

Evaluation of the relative contribution of WHB and SHB water species

(1) The ratio of the second derivative intensity

In the second derivative spectra in the 5500-5000 cm™! region, a residual peak
was observed at approximately 5170 cm™ (Figure 3A). Based on the two
structural models of water, the peaks at approximately 5250 and 5170 cm!
corresponded to the WHB and SHB water components, respectively, as
discussed in SI2. The assignment seems to be reasonable from the knowledge

of the water structural transition shown by the temperature variation in the
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NIR spectra.'®! Figure 4A shows the mean ratio of the second derivative
intensity defined as Isy50/15170 (WHB/SHB). In the activated eggs, the
proportion of WHB water was significantly higher than that in the non-

activated eggs (Figure 4A).

(2) Peak positions due to water absorption

Two bands due to the WHB and SHB water species overlapped in the 5500-
5000 cm! region. Since these two absorption bands were close to each other,
their intensities and positions were reflected to each other in the second
derivative spectra. Therefore, the relative contributions of WHB and SHB
were assessed by comparing their peak positions. To extract the peak
positions of the second derivative spectra, these species were once more
differentiated, and the point where the third derivative spectrum became 0
was read out. Figure 4B exhibits the peak position of WHB water for the four
kinds of eggs in the second derivative spectra. The WHB peak at
approximately 5250 cm™ in the activated group (a) eggs had a higher
frequency than those in the non-activated group (b)-(d) eggs by 2-4 cm™'.

Therefore, the upward frequency shift of the water band in the activated

17



group (a) could be interpreted as the relative proportion of WHB water
within all water components being higher in the activated group (a) eggs than

in the non-activated groups (b)-(d).

In this way, two parameters consistently showed higher contributions of
WHB water species in the activated group (a) eggs than in the non-activated
group (b)-(d) eggs. However, it was unclear whether the magnitude of the
peak shifts was significant or not to discuss the influence of egg bioactivity.
To further quantitatively evaluate the magnitude of the peak shift, the
influences of the perturbations to the water structure were evaluated using
simple in vitro systems, including (i) temperature, (ii) ion concentration, (iii)
protein concentration, and (iv) the secondary structural changes of proteins.
In case (1), a change in the water temperature by 50 C° was needed to
obtain a 2-4 cm™! shift. The inner water temperature within the activated eggs
was unlikely to change very much. For the changes in the ion concentration
(i1), NaCl and Na,SO,; were selected because they have different anion
ranking strengths expressed by the Hofmeister series as SO4* > ClO4 > T >

C1.* The peak shifts of 2-4 cm™! required 0.8~1.0 M concentration changes

18



in the 1ons, and large changes in 1on concentration truly do not seem feasible
within living bodies. Similarly, the effect of the protein concentration (iii) on
the water structure was investigated by varying the albumin concentration.
The results revealed that more than a 20 wt% albumin concentration was
required to induce a significant peak shift of water. Such large changes also
cannot occur in real eggs. To assess the influence of the protein secondary
structural changes (iv) on water, the thermal denaturation processes of OVA,
B-lactoglobulin, and BSA were investigated. Above 70 °C, the protein
secondary structure varied from an a-helix to a B-sheet, leading to the upward
frequency shift of the water peak by 4-12 cm’'. The albumin concentration
was 8 wt% in the present in vitro experiment, and the weight percent
concentration of proteins amounted to the order of some dozens of wt%, as
discussed in SI3. Therefore, the protein structural transition was a candidate
to induce significant water structural changes, and the phenomena could be
detected using NIR spectroscopy in vivo.

With an increase in the proportion of [-sheets, the peak at
approximately 4610 cm™! shifted to a higher frequency in all three samples.

The detailed experimental data and discussions regarding these denaturation

19



processes are summarized in SI4. Figure 5A and 5B plot band positions due
to the water and proteins of three kinds of protein aqueous solutions at
approximately 5250 and 4610 cm’!, respectively. The band positions
simultaneously varied with the secondary structural changes caused by
thermal denaturation. In all cases, the upward frequency shifts of the peak at
4612 cm™! were correlated with the upward shifts of the water band. That is,
the proportion of WHB water was likely to be increased with a higher
proportion of the B-sheet structure of protein. Wu et al. reported that the
secondary structural changes of human serum albumin (HSA) from an a-
helix to a B-sheet caused by heating induced an upward frequency shift of
the water band at 7000 cm™!, correlating with a higher frequency shift of the
protein band at approximately 4612 cm™'.*! These researchers also concluded
that water species with no or a small number of hydrogen bonds increased
with the denaturation process because more hydrophobic residues, originally
packed within the protein interior, were exposed to water.*!

Second derivative spectra of the four kinds of fish eggs were also
examined. The peak at 4615 cm! shifted by 2-4 cm™! to a lower wavenumber

in the activated group (a) eggs compared to those of the non-activated groups
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(b)-(d) (Figure 2A). Judging simply from the results of the protein peak shift,
the secondary structure seemed to change from a 3-sheet to an a-helix due to
activation of egg development. However, developmental activation
generated a water shift at higher wavenumbers by 2-4 cm™!. The relationship
of the NIR band shifts between proteins and water in real eggs did not exactly
correspond to that of the single protein structural changes from an o—helix to
a B-sheet. The reason for the inconsistency may be that many kinds of
proteins are in real living bodies. Each protein has a different frequency in
the amide A + III mode at approximately 4616 cm™!. Therefore, the protein
components should at least be changed by gene expression after fertilization;
the amide mode was downshifted in the activated eggs regardless of the

protein secondary structural variations.

Investigation of the protein secondary structural changes in egg yolks
using Raman spectroscopy

To confirm the possibility of protein secondary structural changes, a Raman
spectroscopic study was carried out for the same egg groups (a)-(d) in situ.

The variations in the peak intensity and peak shifts in the amide I (~1660
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cm!) and amide III (~ 1250 cm™) regions indicated that the relative
proportion of the protein components with a-helix and -sheet structures
decreased and increased, respectively.*? The detailed Raman results and
discussions are demonstrated in SI5. The protein secondary structural
changes with more P—sheets, as suggested by the Raman spectra, were
consistent with the water structural variation with a higher proportion of
WHB by NIR spectroscopy. The downward shift of the amide A+III mode at
4616 cm™! in NIR second derivative spectra, accompanied by the secondary
structural variation to increased P—sheets, is not inconsistent because
different species of proteins are generated by gene expression after
fertilization. Judging from the results of both NIR and Raman spectroscopies,
proteins with a B-sheet-rich structure were increased after fertilization, and
protein components were drastically changed. Protein synthesis and
secondary structural variations affected the water structure, resulting in a
higher proportion of WHB. This finding enabled us to conclude that the
protein structures were changed by the activation of egg development and

that the hydration of water was drastically changed by life activity.
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NIR images expressing bioactivity of egg development

Figure 6A exhibits images of the four kinds of fish egg groups: eggs (a)
activated by fertilization, (b) cultured at cold temperature, (c) experienced
instant freezing, and (d) those that were not fertilized. Figure 6B-6D displays
NIR images constructed by plotting the second derivative intensities of the
bands at 4340, 4616, and 5856 cm™', which were due to the combination of
C-H stretching and the bending modes of hydrocarbons and aliphatic
compounds,*!: 37 the combination of amide A and II,3! 4> % and the first
overtone of the C-H stretching modes of the CH, groups in the lipid

components,>!> 4% 46

respectively. In the activated group (a), three structures
(a yolk, oil droplets, and a blastodisc) were clearly visualized in both bright
field and NIR images, and their distributions were in good agreement with
each other. The lipid and protein components were confirmed to be located
in the yolk and less in the blastocyst, which would be an embryonic body, as
shown in Figure 6B and 6C. Similar patterns of the chemical distributions
were observed in groups (a) and (b). However, in egg group (¢), the yolk and

blastodisc looked indistinguishable, and the formed embryonic structures

after fertilization were likely destroyed by the shock of liquid nitrogen. In
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egg group (d), the oil droplets did not coalesce into a large droplet, and the
blastodisc, of course, was not structured because the eggs were not fertilized.
The concentration of C-H compounds was higher in the oil droplets, yolk
and blastodisc, in descending order (Figure 6A). Moreover, the second
derivative intensities at 4336 and 4612 cm™' were decreased on average in
groups (a) and (b) compared to groups (c) and (d) due to the energy
consumption required for egg development (Figure 6B and 6C), as clarified
in the point mode measurements (Figure 2B). The NIR images constructed
by the peak intensity at 5856 cm™!, which was assigned to the first overtone

37.45 made the structures

of C-H stretching modes in unsaturated fatty acids,
of oil droplets and the thin egg membrane clear (Figure 6D).

To visualize the bioactivity of the fish eggs, the structural differences in
water were visualized. The variations in the water structure were clarified by
plotting the ratio of second derivative intensities of the water bands defined
as Icq170/Is250 (Figure 6E). The reddish color in Figure 6E indicates that the
ratio of SHB was higher. Therefore, in the non-activated eggs, the proportion

of SHB water (~5170 cm!) was higher than that in the activated eggs. Figure

6F was developed by plotting the scores of PC2, as shown in Figure 3C. In
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this case, higher values of PC2 scores (red color) corresponded to higher
contributions of SHB water. In the non-activated eggs, especially for the
group (d) eggs, the egg components, on the whole, had higher PC2 values,
indicating that the contribution of SHB water was higher in the group (d)
eggs than in the activated group (a) eggs. NIR images constructed by the
peak position due to WHB water (~5250 cm™) are also demonstrated in
Figure 6G. The blue color was assigned to the higher wavenumber of the
peak position with WHB water. Thus, a higher contribution of SHB water in
the non-activated eggs than in the activated eggs was revealed (Figure 6G).
In summary, the water structural images consistently verified SHB water in
the non-activated eggs. It was found that the bioactivity of fish eggs causes
significant changes in the water structure and that the water distribution was

successfully visualized in vivo.

Conclusion
The bioactivity of embryogenesis was assessed through changes in the water
structure using NIR spectroscopy and imaging. In the activated eggs after

fertilization, the water band at approximately 5250 cm! shifted to a higher
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wavenumber by 2-4 cm!, and the proportion of WHB water was higher than
that in non-activated eggs. The influences of the perturbations to the water
structure were evaluated by changing the temperature, ion concentration,
protein concentration, and protein secondary structure, and the protein
structural transition was revealed to be a possible candidate to induce water
structural changes. Actually, in the activated eggs, the protein secondary
structure was confirmed to change from an a—helix to a B—sheet rich structure
by Raman spectroscopy. The water structure was likely to vary due to the
higher proportion of WHB water associated with protein structural changes.
The drastic variation in protein components synthesized by gene expression
was confirmed, as evaluated from the perspective of water. NIR imaging
successfully visualized the dynamic water structural changes depending on
the embryogenetic activity. Whether a new life will be born or not was

revealed through changes in the water structure.
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SI 1. Sample preparations and in vitro NIR measurements

In order to quantitatively evaluate the magnitude of a water peak shift
at approximately 5200 cm™, four kinds of perturbations were given to the
ultrapure water; (i) temperature, (i1) ion concentration, (iil) protein

concentration, and (iv) the secondary structural changes of proteins.
(i) Water temperature

The temperatures of ultrapure water (Purelab Ultra, Analytic, Organo
Co. Ltd.,Tokyo, Japan) and 1.0 M NaCl (28-2300, Sigma Aldrich, Japan)

were changed from 20 to 70 °C by an increment of 5 °C.

(ii) Ion concentration

Stock solutions of 1.0 M NaCl (28-2300, Sigma Aldrich, Japan) and 1.0
M Na,SO4 (59627, Sigma Aldrich, Japan) were diluted with the ultrapure
water so as to have solutions with the concentration range of 1.0 — 0.1 M

with 0.1 M intervals.

(iii) Protein concentration

Albumin (OVA; 012-09885, from chicken egg, FUJUFILM Pure
Chemical Co., Japan) aqueous solutions with the concentrations of 2, 4, 8,
12 16, and 20 wt% were prepared using 0.05 M Tris-HCI buffer (pH=7.6,
FUJUFILM Pure Chemical Co., Japan).

(iv) Protein secondary structural changes

Protein samples of OVA, B-lactoglobulin (L3908, from bovine milk,
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Sigma-Aldrich Co., USA), and bovine serum albumin (BSA; 013-15121,
FUJUFILM Pure Chemical Co., Japan) were diluted in 0.05 M Tris-HCI
buffer at 8 wt%. Micro tubes containing 1 mL of each protein solution were
heated from 50-90 °C by 5 °C intervals for 20 minutes, cooled with ice water,

and subjected to NIR measurements at 25 °C.

For the NIR measurements, a Spectrum One FT-NIR (Perkin-Elmer,
Waltham, MA, USA) was used. The optical path length of an open quartz
cell was 0.1 or 0.5 mm. The wavenumber region measured was 10000-4000
cm’!, the spectral resolution was 4 cm™!, and the accumulation was 128 times.
Every measurement was repeated three times. The temperature of the quartz
cell was controlled by a bath circulator (NESLAB RTE7, Thermo Scientific,
Waltham, MA, USA). The stability of the temperature was +0.1 °C.

SI 2. Temperature-dependent NIR spectral variation of pure water

NIR absorbance spectra of the ultrapure water were recorded in the
range of 10-80 °C by the increment of 5 °C using a quartz cell with 0.3 mm
optical path length (Figure S1A). Absorbance peaks due to the water at
approximately 7000 and 5200 cm shifted to a higher frequency with an
increase in the water temperature. In the second derivative spectra of the
absorbance in the 5300-5000 cm™! region, two peaks at 5250 and 5170 cm’!
were observed, and their peak intensities became stronger and weaker as the
temperature increased, respectively (Figure S1B). Hydrogen bonds between

water molecules break as the water temperature increases. Therefore, two
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peaks at 5250 and 5170 cm™! can be assigned as weakly hydrogen bonded
(WHB) and strongly hydrogen bonded (SHB) water species, respectively.
That is, the higher the proportion of WHB water species, the higher the

frequency of the water band is.

SI 3. Estimation of the protein weight percentage of an egg

Murakami et al. extracted the total amount of water-soluble proteins in
embryos on the 1% day after fertilization as about 12.5 mg/100 eggs on the
day after fertilization.*” Iwamatsu et al. reported the diameter of the egg
about 1.2 mm.*® If the specific gravity of an egg is assumed as 1, the weight
percent concentration of water-soluble proteins amounts to the order of 10

wt%.

SI 4. NIR spectral variations caused by protein secondary structural

changes

To reveal the NIR spectral variations caused by the protein secondary
structural changes, the denaturation processes of OVA, B-lactoglobulin, and
BSA were investigated. These three proteins have different proportions of a-
helix and B-sheet components; -lactoglobulin and BSA have B-sheet and a-
helix rich structures, respectively, and OVA has a comparable ratio of the
49-57

two.#-7 Table S1 summarizes the properties of these three proteins.

Their protein secondary structures are known to increase the proportion of a
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B-sheet at the expense of an a-helix by thermal denaturation,*->” and the
spectral variations induced by the denaturation were observed in a few
marker regions. Figure S2A, S2B, and S2C exhibit the second derivative
spectra of the three kinds of proteins in the 4900-4800, 4700-4550, and 4600-
4450 cm! regions, respectively. These three regions have common peaks due

to proteins in both the pure protein samples and in fish eggs.

A peak at approximately 4860 cm! slightly shifted to a lower
wavenumber with the thermal denaturation (Figure S2A). Liu et al. reported
that denatured pepsin, which originally had a B-sheet rich structure exhibited
a higher frequency shift of the amide A/II band in the NIR region in
conjunction with an upward shift of amide A in the corresponding IR
spectrum.*® In the structural transition of silk fibroins, the corresponding
band was shifted downward from 4875 to 4860 cm™ as reported by
Miyazawa et al.*® Even though the patterns of the band shift depend on the
protein species, amide A/II can be a marker band to monitor the variation of
hydrogen bonds in amide groups caused by the structural variations of

proteins.

The peak at around 4610 cm™! has been reported to be related to an a-
helix structure (Figure S2B).3* Peak intensity at 4610 cm™ of silk fibroin was
decreased by thermal denaturation with similar increments to the one at 4520
cm’! that was assigned to a P-sheet structure mentioned below.*> In the
present results shown in Figure S2B, the peak intensities consistently

decreased in the p-lactoglobulin and BSA spectra with the thermal
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denaturation. In the OVA spectrum, on the other hand, a large peak shift to a
higher frequency was observed from 4606 to 4618 cm™. The other two
samples, B-lactoglobulin and BSA, also yielded higher frequency shifts of
the corresponding peaks, which may be an indicator for the structural

changes of proteins.

In Figure S2C, peaks appeared at 4534 and 4530 cm'! in the spectra of
OVA and BSA, respectively, and the peak intensity at 4540 cm™ increased
for B-lactoglobulin with an increase of B-sheet components by the thermal
denaturation. Proteins that are rich in a [-sheet structure, such as
concanavalin and B-lactoglobulin, originally showed clear bands at
approximately 4525 cm™.>®> Robert et al. also assigned the peak at 4535 cm-
! as a B-sheet structure based on 12 model proteins.®> These results indicate

that the peak at 4525 cm™ is likely relate with a B-sheet structure.

SI S. Investigation of protein secondary structural changes in egg yolks

using Raman spectroscopy

Figure S3A and S3B depict the mean Raman spectra of the four kinds
of groups of eggs (a)-(d) in amide I (~1660 cm™) and amide III (~1250 cm
1, respectively.*? In the wavenumber region of amide III, a decrement and
an increment of the band intensities were observed at 1268 and 1235 cm! in
activated egg group (a), respectively (Figure S3A). In the amide I region, the
Raman band at 1660 cm™ shifted to 1662 ¢cm™. In both the amide mode

regions, the relative proportion of the protein components with an a-helix
S-6



and a B-sheet structures were decreased and increased, respectively.*?

For Raman spectral acquisition of the four kinds of fish egg yolks, the
inVia confocal Raman microscope (Renishaw Inc., UK) system with an
excitation of 785 nm and an objective lens (20X) were used. The Raman
spectra were recorded in the 1700-600 cm™! region with an exposure time of
30 s and 2 scan accumulations; the laser power at the sample point was about
3 mW. Ten spectra for each egg were obtained and the procedure was
repeated for several different eggs in each egg group. The obtained Raman
spectra were preprocessed by background subtraction, baseline correction
with 5" order polynomial fitting, and normalization using the phenylalanine

band intensity at 1003 cm.
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Table S1: Properties of three kinds of proteins; ovalbumin (OVA), B-

lactoglobulin, and bovine serum albumin (BSA).

OVA B-lactoglobulin BSA
a-helix (%) 41 15 66
B-sheet (%) 34 54 3
Molecular Weight 45000 18400 66500
Thermal Denaturation Temperature (°C) 78 70 62-64
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Figure S1: (A) Temperature dependent NIR absorbance spectra of the
ultrapure water in the range of 10-80 °C by 5 °C interval. (B) The second

derivative spectra in the 5300-5000 cm™ region.
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