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Abstract
In living organisms, calcium carbonate biomineralization combines complex bio-controlled

physical and chemical processes to produce crystalline hierarchical hard tissues (usually calcite
or aragonite) typically from an amorphous precursor phase. Understanding the nature of the
successive transient amorphous phases potentially involved in the amorphous-to-crystalline
transition requires characterization tools, which are able to provide a spatial and spectroscopic
analysis of the biomineral structure. In this work, we present a highly sensitive coherent Raman
microscopy approach, which allows one to image molecular bond concentrations in post
mortem shells and living animals, by exploiting the vibrational signature of the different
carbonates compounds. To this end, we target the v; calcium carbonate vibration mode and
produce spatially and spectroscopically resolved images of the shell border of a mollusk shell,
the Pinctada margaritifera pearl oyster. A novel approach is further presented to efficiently
compare the amount of amorphous carbonate with respect to its crystalline counterpart. Finally,
the whole microscopy method is used to image in vivo the shell border and demonstrate the
feasibility and the reproducibility of the technique. These findings open chemical imaging

perspectives for the study of biogenic and bio-inspired crystals.

Keywords

Coherent Raman, optical microscopy, calcium carbonate, shell oyster, crystalline transition,
biomineralization



Introduction

Biomineralization, i.e., the production of hierarchical mineralized tissues by living organisms,
involves complex biological, chemical and physical processes (Weiner, Sagi, and Addadi 2005)
able to produce, simultaneously, different crystalline polymorphs with morphological site- and
species-specific architectures (O B Boggild 1930; Cuif et al. 2014). Besides being a
fundamental challenge, deciphering the biomineralization mechanisms attracts the interest of
scientists as it promises to provide bio-inspired strategies for the synthesis of nanostructured
inorganic materials using green chemistry approaches (Yoreo et al. 2015). While it is generally
understood that biomineralization escapes from classical crystallization theory, a detailed
understanding of biomineralization is still lacking to date. An amorphous precursor is often
involved in the biocrystallization process, as supported by the steady observation of amorphous
phases within crystalline biominerals from various phyla (Beniash et al. 1997; Politi et al.
2004). For calcium carbonate (CaCOs3), which represents nearly 4% of the Earth’s crust and is
produced by sedimentation of marine species remains, several amorphous calcium carbonate
(ACC) phases have been identified in biominerals, raising the question of a crystallisation
pathway which involves the successive transformations of different metastable ACC
compounds (Mass et al. 2017; Albéric et al. 2019). Understanding which amorphous phases are
involved in the amorphous-to-crystalline transition requires characterization tools able to
provide a spatial and spectroscopic analysis of the biomineral structure, ideally being
compatible with in vivo experiment requirements. Commonly used spectroscopic techniques
are either surface sensitive, like x-ray photo emission spectroscopy and Fourier transform
infrared spectroscopy (Amarie et al. 2012) or rather weakly spatially resolved as nuclear
magnetic resonance (Ajili et al. 2020), x-ray absorption near edge structure and extended x-ray
absorption fine structure (Raz et al. 2003; Cartwright et al. 2012; Nassif et al. 2005). Raman
spectroscopy can provide spatially resolved spectroscopic images but remains limited by the
long acquisition time required to detect small amounts of chemical species, such as ACCs in
biominerals (Masic and Weaver 2015; Habraken et al. 2015). Hence, obtaining chemical
information on materials at sub-micrometric scales, in a non-destructive way and without using
any labelling remains a methodological and technological challenge.

Whereas the Raman process is known to give specific chemical information based on
the vibration of molecules with however a low efficiency, coherent Raman which is a highly
efficient process, has been developing rapidly since the early 2000s for microscopy purpose
(Zumbusch, Holtom, and Xie 1999). Based on the vibrational properties of molecules and

nonlinear wave mixing processes, the coherent Raman-based techniques allow a three-
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dimensional (3D) imaging of chemical bonds at video rate (Freudiger et al. 2008; Saar et al.
2010; Ozeki et al. 2012). Numerous developments have made it possible to image biological
samples by targeting specific vibrations such as lipidic, amide or deuterium-carbon vibrations
(Fung and Shi 2020; Cheng et al. 2002; Camp Jr and Cicerone 2015) and even to allow in vivo
imaging (Chen et al. 2016; Evans et al. 2005; Shi et al. 2011). Mainly used for biological tissue
studies, coherent Raman imaging techniques have however little been used for molecular
crystals imaging (Cleff et al. 2016; Houle et al. 2017).

In this article, we demonstrate the possibility to use coherent Raman microscopy to
detect and locate the presence of ACC in an as-formed CaCOs3; biomineral. To this aim, we
target the vi calcium carbonate vibration mode and produce spatially and spectroscopically
resolved images of the shell border of a mollusk shell, the Pinctada margaritifera pearl oyster,
which was chosen for the possibility to probe mineralized units at different maturity states. The
article is organized as follows. In the Material and methods section, we first describe the key
processes needed to understand the physics underlying coherent Raman scattering imaging and
we further provide experimental details. In the Result section, Part I presents the detailed
characterization of a shell border with respect to imaging and spectral analysis, exploited
separately or combined. Then, a novel approach designed to efficiently evidence the amount of
ACC with respect to the crystalline CaCO3 counterpart is described and applied on experimental
data, in Part II. Finally in Part III, we use the described method to image in vivo the border shell
of Pinctada margaritifera and demonstrate the feasibility and reproducibility of the technique.
Finally, our results are briefly discussed with respect to potential applications in the framework

of biomineralization studies.

Material and methods

As the coherent Raman microscopy approach has never been used by other groups in the context
of biomineralization studies (to the best of our knowledge), we detail hereafter the whole
concept of the coherent Raman scattering process and its experimental implementations. The
sample preparation details are provided at the end of the section.

Coherent Raman process

Coherent Raman is a non-linear optical process based on a coherent four-wave mixing. Such a
process results from the non-linearity of the response of the probed medium to the action of
strong electromagnetic fields. While most nonlinear phenomena provide lower efficiencies than
linear processes, coherent Raman scattering is extremely interesting because it offers a gain in

the order of 10° compared to the spontaneous Raman process, due to its coherent and resonant
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characteristics (Petrov et al. 2007). In the coherent Raman process two electromagnetic waves,
denoted pump and Stokes, of, respectively, pulsation wp and wg, amplitude Ap and Ag and
wave vector kp and kg, are required. In order to interact with the sample, the pulsation
difference of the pump and Stokes beams, namely {1 = wp — wg, must be equal to the pulsation
of the molecule vibration Qy (Fig. 1a). Once this condition is satisfied, several non-linear
optical processes occur, as described hereafter.
(a) Coherent anti-Stokes Raman scattering
The coherent anti-Stokes Raman scattering (CARS) process generates photons at ws = 2wp —
ws. CARS is interesting from an application point of view because the photons emitted at the
pulsation wys are blue-shifted with respect to the pump and Stokes incident fields, and thus
unpolluted by a possible parasitic auto-fluorescence of the sample (Fig 1a). However, the CARS
contribution is not the only one to generate photons at w,s. Indeed, another four-wave mixing
contribution, named four-wave mixing or non-resonant CARS, generates photons at the same
pulsation. This process comes from the instantaneous electronic response of matter and does
not depend on the concentration of the targeted chemical bond. The coherent sum of these two
terms modifies the spectral behavior of the anti-Stokes intensity profoundly with respect to a
classical Raman profile, leading to a distortion of the spectrum and a shift of the maximum
CARS intensity towards smaller wave numbers, while a minimum in the intensity profile
appears at larger wavenumbers. The shape of the spectrum follows a so-called Fano profile,
which results from the coupling between a system containing discrete energy levels (here, the
vibrational resonances) and a system containing a continuum of energy (the non-resonant
electronic response). While the CARS signal is extremely sensitive to the presence of small
amounts of chemical species, it does not depend linearly on the chemical bond concentration,
which makes quantitative analysis difficult to perform.
(b) Stimulated Raman scattering

To overcome the drawbacks of the CARS process, another coherent Raman process, named
stimulated Raman scattering (SRS), was also proposed (Freudiger et al. 2008; Saar et al. 2010).
In this process, the molecules radiate at the same pulsation as the pump and Stokes lasers (Fig.
la). The intensity of the pump beam decreases when propagating in a medium with Raman
resonance, while the Stokes beam benefits from amplification. Consequently, a transfer of
energy from the pump beam to the Stokes beam is observed. If the detection device collects
signal corresponding to the pump beam, the signal is referred to as the “stimulated Raman loss”
(SRL) while it is called the "stimulated Raman gain” (SRG) when the signal from the Stokes

beam is collected. The major advantage of this process is that it is not polluted by a non-resonant
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background as observed for the CARS signal and the associated electronic response of the
sample medium. The spectral information of SRG or SRL, Isrs, is rigorously the same as the
one of spontaneous Raman (Freudiger et al. 2008), and therefore makes it a powerful
spectroscopic tool.

As for CARS, SRS microscopy allows the acquisition of hyperspectral images at video rate on
biological samples (Ozeki et al. 2012). However, SRS needs a more sophisticated detection
strategy. This is achieved by exploiting the laser detection, one of the lasers being modulated
at a specific frequency and the detection being demodulated at the same frequency (see Fig.

1b).

Experimental implementation of coherent Raman microscopy

The implementation of a coherent Raman experiment, which is schematically depicted in Fig.
1b, requires two pulsed lasers wp and wg with precisely the same and synchronized repetition
rate. Ideally at least one of the lasers must be tunable in wavelength to be able to modify the
pulsation difference wp — wg and thus to address any molecular vibrational mode. Several
types of applications of coherent Raman microscopy have been reported in the literature, the
most common is using optical parametric oscillators (OPO), which have the property of being
tunable in pulsation (Brustlein et al. 2011). In our setup, the laser source consists of a solid state
OPO pumped by a pulsation doubled Ytterbium (Yb) fiber laser (PicoEmerald, APE GmbH,
Germany). The Yb laser provides the Stokes excitation beam itself, at the fixed wavelength of
1031 nm, with pulses having 2 ps duration and 80 MHz repetition rate. The pump excitation
beam is generated by the OPO and can be tuned between 700 nm and 990 nm, so the system
can thus scan the whole vibrational spectrum of the chemical bonds located between 400 and
4000 cm™'. Whereas very short pulses are required to efficiently activate non-linear optical
processes, in practice, it is preferred to use pulses with duration in the order of a few ps (1072
s) to ensure a spectral resolution of a few 10 cm™. At the focal point, and with powers of a few
tens of mW, the peak laser powers are sufficient to activate the pulsation mixing of the coherent
Raman. The CARS signal is then detected at the pulse w5 = 2wp — ws using a collection lens
and a sensitive photomultiplier detector. The SRS signal requires further instrumentation,
involving the modulating at 20 MHz of one of the beams using electro-optic modulator (EOM)
and observing the modulation transfer with a fast photodiode related to the SRS effect on the

other beam through a lock-in amplifier (APE GmbH, Germany).



The efficiency of the coherent Raman processes, much larger than the one of spontaneous
Raman, is exploited to perform fast imaging. The imaging properties of coherent Raman
processes are the same as for other nonlinear imaging techniques (Oheim et al. 2006; Mahou et
al. 2011) as e.g., two-photon fluorescence imaging or second harmonic generation imaging.
Indeed, coherent Raman imaging is a confocal approach, meaning that the nonlinear process is
only activated inside the intense spot corresponding to the focal volume. The dimension of this
spot is related to the numerical aperture of the microscope objective (Nikon, x20, NA 0.75),
i.e., typically of a few hundred of nanometers laterally and of a few micrometers along the axial
direction. Due to intense fields required to activate the coherent Raman process, the only
imaging technique which is efficient enough is the point scanning technique (galvanometric
scanner, Cambridge Technology INC): the focal volume is scanned in 3D by changing the
incidence angle of the beam in the back pupil of the objective and by changing the altitude of
the objective with a piezo-positioner (PIFOC, PI, Germany).

A homemade instrumental interface previously described (Ferrand 2015) ensures the
synchronization between the spot scanning and the data acquisition. Typically, the image
acquisition is based on scanning a 10 to 100 um large region, with a step size of about 0.2 um.
With a typical exposure time of 80 us per pixel, an image is delivered in a few seconds. If
needed, the image quality can be improved by repeating the measurement and accumulating the
individual 2D image signals. The 3D stack is further produced by moving the microscope

objective along the beam path, with a step of about 0.5-1 um.

Raman experiments

Raman spectra were acquired using a Raman spectrometer in reflection mode (LabRam HR
spectrometer, Horiba) with a 100 x air objective (NA 0.9, Olympus MPlan) and a laser at 632.8
nm. The power delivered at the sample level is about 1 mW on average. The Raman spectrum
is recorded using a grating of 1200 lines/mm, corresponding to a spectral window of about 500
cm! and recorded using a Peltier-cooled CCD camera. The acquisition time for each spectral

window is 1 min for the geological calcite crystal.

Sample preparation - Post mortem samples

The juvenile Pinctada margaritifera (Pm) shells were farmed at the IFREMER hatchery at the
biological station of Vairao (Tahiti). They were cultivated in an optimal and sanitary-controlled
environment to avoid any contamination during growth. Once selected, they were preserved in

a 70% ethanol/water solution and transferred to Institut Fresnel (Marseille, France). The shells
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are about 7-20 mm long. Regions in the vicinity of the growing edge of the shell, extending
over 1-2 mm, were chosen for the analysis. The shell edge presents a continuous growth history
with the bulk of the shell being composed of well-developed and tightly packed prisms (typical
size of about 20 um), while the growth edge exhibits isolated, smaller, and rather disc-like units,
which we refer to as discs. Those are the early stages of the prismatic units (Duboisset et al.
2022). For the coherent Raman investigations, the shells were cut into pieces of about 1 mm?
and placed onto a microscopy glass slide, in an ethanol/water solution. The threshold of beam-
induced damage has been determined on a different region on the sample and a power of about

50% of the threshold value was used to avoid beam-induced damage.

Sample preparation - /n vivo samples

The living animals were sent from the biological station of Vairao (Tahiti), to Institut Fresnel
by express delivery. During the travel, they were kept in air at room temperature. At their
arrival, they were transferred into a seawater aquarium (T = 28°C, pH = 8.24, kH = 7.6, [Ca] =
400 ppm, [Mg] = 1350 ppm, [NaCl] = 35g/L) and fed regularly with fresh algae. Three weeks
after their arrivals, some of them were mounted onto an optical glass plate, using a combination
of bio-compatible epoxy putty (Coralscaper, Arka Biotech, Germany) and a biocompatible
aquarium glue (Orca Underwater Glue, Aquarium Miinster, Germany). They were further
stored in the aquarium for a few more days, before the first coherent Raman microscopy
investigation was performed. A cell (volume of about 100 cm?) was designed to perform
coherent Raman experiments with the animal on the glass plate. The cell was connected to the
aquarium through two tubes allowing the inflow and outflow of water and ensuring the
submersion of the animal under a constant flow of water. The water debit into the cell was

monitored with a peristaltic pump and adjusted to 100 mL/min.

Results

Part I - Coherent Raman scattering imaging

(a) Structural properties
Figure 2 depicts images obtained in the SRS mode and acquired at the growth edge of a

Pinctada margaritifera shell. The laser pulsation difference was fixed to the v; Raman
carbonate vibration of calcite (v; = 1086 cm™, with v, = % where c is the speed of light). In

Fig. 2a and b, the 3D stack is integrated along the beam propagation direction to increase the

signal-to-noise ratio, while Fig. 2c presents a 2D cross-section allowing the visualization of the



shell along its thickness. The mature prisms (juxtaposed polygons), young prisms (partly
rounded prisms) and young discs are well visible, observed from the umbo of the shell towards
the shell edge. The 2D spatial resolution of the coherent Raman microscope is demonstrated in
the planar view of Fig 2b: on this image, each pixel corresponds to an area of 200 x 200 nm?.
The resolution of the imaging set-up allows the observation of carbonate-poor ring structures,
inside the prism, presenting a gap of size well below one micrometer. Fine carbonate density
fluctuations are also observed. Fig. 2¢, which depicts a 2D cross-section extracted from the 3D
stack, evidences the degradation of the spatial resolution along the beam propagation direction,
due to the focal volume length, longer in the axial direction with respect to the lateral direction.
Along this direction, which corresponds also to the thickness direction of the shell, the image
resolution is in the order of 2-3um, making it difficult to resolve structures below this limit.
However, a clear decrease of the shell thickness can be observed, evidenced by the envelope of

the signal and by the decrease of the SRS signal intensity while approaching the shell edge.

(b) Spectral properties
The wavelength of the second OPO can be changed, offering the ability to probe a spectral
domain around the calcite v; wavenumber. Scanning the laser wavelength in steps of 0.1 nm
corresponds to a wavenumber shift of about 1 cm™, in this domain. However, the spectral
resolution of CARS and SRS differs from the Raman spectral resolution. The latter one is
defined by the laser bandwidth and grating resolution and is typically in the 0.1 cm™! range. For
coherent Raman, due to the intense electromagnetic field required to generate the CARS or SRS
process, pulsed lasers are used for their capability to deliver large intensity illumination. This
comes with a drawback, as the limited temporal duration of the pulse results in a large spectral
width, of a few fractions of nm, which corresponds to a spectral bandwidth of more than 10 cm’
!, Consequently, even if the laser maximum wavelength can be shifted by a few cm’, the
spectral resolution of the coherent Raman spectrum is rather broad. This is experimentally
illustrated in Fig. 3, which compares the spontaneous Raman spectrum of a geological calcite
crystal to the spectra obtained with CARS and SRS, for the same calcite crystal, in the vicinity
of v;. Here, geological calcite has been chosen for its known sharp spectrum profile, which
allowed us to characterize the performance of coherent Raman spectroscopy. The spontaneous
Raman spectrum exhibits a Full Width at Half Maximum (FWHM) of 2 cm™!, resulting mostly
from the geological calcite purity. The CARS and SRS FWHM spectra are much broader, with
a FWHM of 12 cm™! for SRS and 18 cm™ for CARS, due to the intrinsic spectral broadening of

the lasers. Worth to notice, the SRS spectrum presents a shape rather similar to the Raman
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spectrum profile, whereas the CARS spectrum is asymmetric and slightly shifted towards the
low wavenumbers regime due to the interaction with the non-resonant background, as described
in the Material and methods section. The consequence is the observation of a CARS intensity
maximum at about 1081 cm™ instead of the expected value of 1086 cm™. This preliminary
spectral analysis allowed us to highlight the spectral performance (and limits) of CARS and
SRS with respect to classical Raman. In the following, we present the spectral investigation of

the shell biomineral.

(c) Hyperspectral imaging

Combining the imaging and spectral modalities of coherent Raman, a hyperspectral
characterization of the shell sample can be carried out: for each wavenumber, a 3D image of
the sample is acquired, meaning that each voxel of the 3D image volume contains spectral
information. Fig. 4 depicts CARS and SRS images recorded simultaneously for several
wavenumbers around v,. Close to vy, the signal arising from the CaCO3 mineralized units is
brighter and the contrast between the units and the surrounding media is larger, while the
response of the surrounding media remains rather constant over the spectral investigation.

Two CARS (resp., SRS spectra), shown in Fig. 4a (resp., b) are further extracted from the
hyperspectral images, in regions defined in Fig. 4c (resp., d) and corresponding to a disc (red
circle) and a prism (blue circle). The CARS spectra present the expected behavior, i. e.,
asymmetry and shift towards lower wavenumbers. It is worth to notice that the shift is more
pronounced for the disc, an artifact which is linked to the small amount of CaCO3 in the thin
disc, resulting in strongest impact of the cross-term of the CARS intensity expression (i.e., the
mixing between the non-resonant and resonant contributions). On the larger wavenumbers side,
the CARS signal presents a destructive interference between the resonant and the non-resonant
four wave-mixing, providing a signal intensity lower than the surrounding background. From
these observations, a quantitative characterization of the CaCOs3 distribution from the CARS
modality is difficult, although CARS microscopy demonstrates good performances for the
detection of chemical species with low concentration levels. The SRS spectra (Fig. 4b) present
a signal maximum at the v; value, as expected. Other maxima are also visible in the low
wavenumber region, at about 1074 cm’!. It can be assigned to other carbonate vibrations, such
as free carbonate vibration or hydrated-carbonate vibration (Coleyshaw, Crump, and Griffith
2003). A large number of studies has reported the peak shift of carbonate vibration as a function
of its close environment (De La Pierre et al. 2014; Tlili et al. 2002). In biominerals, the

1

observation of a broad peak of about 30 cm™ is often attributed to an amorphous calcium
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carbonate phase (Addadi, Raz, and Weiner 2003). Therefore, in the following, we refer to the
observed low wavenumber signal (at about 1074 cm™) as ACC while the crystalline
contribution at 1086 cm™ is referred to as Cal for calcite. We note that the low spectral
resolution of coherent Raman scattering does not allow an accurate assignments of this low
wavenumber peak. In addition, the two contributions, Cal and ACC, being spectrally close one
to the other, it makes it difficult to extract their individual contributions without a detailed fit
of the spectra collected over the imaged area, therefore necessitating a detailed spectral
investigation of the sample in the vicinity of the vi vibration. In the next part, we propose an
analysis routine developed to quantify the relative spatial contribution of the two components,

exploiting a limited amount of data.

Part II - Coherent Raman data analysis

(a) Definition of an intensity-based contrast

In order to quantify the ACC and Cal contributions we developed an analysis routine based on
the calculation of the symmetric difference map. This contrast map, C, corresponds to the
difference between the intensity maps measured at the two selected wavenumbers, namely Ical
and Iacc, normalized by the sum of the two intensity maps. It formally reads

C = (Icai - yIacc) / (Icar + ylacc). 4)
with y a weighting factor that accounts for the width difference between the two Raman peaks.
As detailed in the appendix, it formally reads as y = Wacc/Wcal, with Wca and Wacc the width
of the Cal and ACC peaks, respectively. When Cal is taken as the reference, a signal fully
dominated by the Cal (resp., ACC) contribution result to C = +1 (resp., -1), while the value C
= 0 would indicate equivalent contributions of Cal and ACC. Note that C is a unit-less value.
We show hereafter that C is able to depict the spatial variations of Cal and ACC in their relative
distributions.
In order to test the relevance of this approach, we developed a numerical model shown in Fig.
5. The SRS experimental spectrum of the v; calcite resonance is described by a Gaussian
function, centered at 1086 cm™', and presenting a FWHM Wcal equals to 10 cm™ (Fig. 5a). The
ACC resonance is described by a similar peak profile (Wacc = 20 cm™!, centered at 1074 cm™,
Fig. 5b). From this, a global spectrum can be calculated (Fig. 5¢), for a series of Cal and ACC
quantities, ranging from only Cal to only ACC contributions. The respective Cal and ACC
quantities are referred to as [Cal] and [ACC]. They correspond to a relative concentration of

Cal and ACC, respectively. The exact quantity contrast Cq is defined as the ratio
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Cq = ([Cal] - [ACC]) / ([Cal] + [ACC]). (5)
From this definition, Cq was calculated for various ([Cal], [ACC]) combinations. A value of Cq
= +1 (resp., -1), indicates the exclusive presence of Cal (resp., ACC), while Cq = 0 means that
[Cal] = [ACC]. This map should be compared to the C map, produced with eq. (4) using y =2,
extracted from the spectra simulation (both maps shown in Fig. 5d and e). It shows a behavior
similar to Cq, furthermore illustrated by the calculation of the difference between C and Cq (Fig.
5f). Some negligible discrepancies are however observed when [Cal] is close to 0.
At this stage, several remarks can be made. Note that if a non-resonant (constant) background
is added to the spectrum, the whole C amplitude is reduced. In other words, in the case where
only Cal (resp., ACC) would be present in the investigated volume, C would no longer be equal
to +1 (resp., -1) but would decrease down to (14+2B/Ica)" (resp., -(1+2B/Iacc)™), with B the
non-resonant background level. This however preserves the monotonic behavior of C with
respect to [Cal] and [ACC], ensuring that two different positions on the sample can still be
compared and analyzed. In addition, if the peak widths associated to the Cal and ACC phases
are different (e.g., the ACC peak is much broader), the whole C value is shifted. Here again,
the monotonic behavior of C with respect to [Cal] and [ACC] is preserved, but C = 0 does no
longer mean that [Cal] = [ACC]. This effect can easily be accounted for in the expression of C
by adjusting the y, as long as the relative width of the peaks is known and invariant over the
investigated region. In the absence of detailed knowledge of the respective peak widths (in this
case, y can be set to 1), we note however that the whole C behavior follows the behavior of Cq
and is therefore suitable to monitor local variations in the balance of [Cal] vs [ACC], in a

specimen.

(b) Contrast map analysis at the shell edge
In Fig. 6, we further illustrate the method shown above with the analysis of experimental data
acquired at the Pm shell edges (Fig. 4). Fig. 6b shows the contrast map calculated with eq. (4),
obtained from the SRS intensity data acquired at 1086 and 1074 cm™. As a matter of
comparison, the Cq map, resulting from the fit of the spectrum profile (Fig. 6a) in each point of
the shell border, is shown in Fig. 6¢. The fit model required two chemical contributions,
centered around 1086 and 1074 cm’!, respectively. Different fit parameters were tested, leading
to minor variations of the values. The FWHM of the individual peaks was fixed to about 10 cm”
! for Cal and 20 cm™! for ACC, and a non-resonant (spectrally invariant) background was added

to the model. The amplitude of the peaks and the exact peak positions were let free during the
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fit (at least within a limited spectral window of about 5 cm’!, for these latter ones). The Cq map
is extracted by using the peak amplitudes of the Cal and ACC peak contributions, as obtained
from the fit of the experimental data. A very good relative agreement is observed between Cq
and C (Fig. 6d), confirming that the C map can be used to qualitatively evaluate the relative
presence of ACC, in this calcium carbonate biomineral sample. The small mismatch (lower
than 30%) likely results from the presence of an additional non-resonant background and/or
from a different peak width for the ACC contribution. However, the major information
regarding the spatial distribution of ACC within this shell can be extracted with confidence.
While the prisms and young discs are rather homogeneous, being composed mostly of
crystalline material, a small portion of ACC-rich material is observed at their periphery. It was
previously interpreted as the onset of a radial crystallization front, progressing from the center
to the border of the mineralizing unit (Duboisset et al. 2022). The observed ACC would be the

leftover of the arrested crystallization process.

111 - Coherent Raman microscopy applied to in vivo mollusk shell study

To provide a final illustration of the interest of coherent Raman microscopy in the
framework of biomineral and biomaterial related questions, we describe below the results of an
in vivo experiment, performed with a living Pm specimen. To this aim, an optically transparent
cell was designed and mounted onto the coherent Raman microscope, allowing for a constant
seawater (+ food) flux during the optical observation (Fig. 7a). The Pm mollusk shell was glued
onto the glass plate to ensure stability of the animal. Thus, one valve was maintained aligned to
the glass slide, while the second one could freely open during the animal activity. Figure 7b
shows the white light image (between crossed polarizers) of the shell border. The individual
prisms exhibit a birefringent contrast, resulting from their optical and geometrical properties
(Baroni, Chamard, and Ferrand 2020). The mantle of the animal is retracted inside the shell
(black part on the left) and the border is fully visible. The SRS images were obtained in the
vicinity of the shell border, on the valve close to the glass plate (see the highlighted region in
Fig. 7b), at two different times, named to and ti, with t; = to + 3 days. After the first experiment,
the shell was placed back in the aquarium and maintained alive. After 3 days, the in vivo
coherent microscopy investigation was repeated (Figs. 7c and d). The Cal wavenumber and the
ACC wavenumber images were recorded each time. As previously observed in the post mortem
study, the shell edge exhibits distinct juxtaposed mature prisms and younger discs. We note that
the total intensity of the signal at to is slightly lower than the signal recovered at t; due to a

reduce laser power during the acquisition. Interestingly, this general intensity fluctuation shall
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not affect the relative behavior of C. The C maps, obtained by comparing the Cal image and
ACC image (data not shown) are shown in Fig. 7e and f, for to and ti, respectively. To
demonstrate the repeatability of the measurements, histograms of the C maps are extracted from
two regions of interest referred to as ROI 1 (mature prism) and ROI 2 (young disc) and further
depicted in Figs. 7g and h. The average values of C for each ROIs, at to and ti, are the same.
This demonstrates the good reproducibility of the experimental approach, confirming that the
observation probe did not damage the shell and that no additional bias was present. The standard
deviation of the histogram is clearly higher at to because the total intensity magnitude is weaker.

Indeed, the error on C, namely AC, depends on a first approximation to

Alcgq1+y Al
AC ~ 2Lcal™ Blacc (6)
Icattvlacc

where Al;,; and Al are the standard deviations of the Cal and ACC signal magnitudes. The
standard deviations calculated from eq. 6 are represented in Figs. 7g-h (horizontal bars). They

fully follow the experimental shapes of the histograms.

1V - Discussion - conclusions

In this experimental work, we show the potential of this microscopy method in the
specific case of calcareous biominerals. As coherent Raman microscopes are becoming
accessible worldwide, this work shall be relevant for the design of new research strategies. As
a first result, we produced spatially highly-resolved images of a mollusk shell edge, allowing
the detailed investigation of the distribution of the carbonates linked to the calcite phase, over
a large shell area.

The spectral investigation of this sample, performed with CARS and SRS, highlights
the strengths and weaknesses of both approaches. CARS is highly sensitive and able to detect
small amounts of a given chemical bond, as shown by the intensity maximum of the spectrum
extracted from a thin disc, compared to the intensity maximum extracted from a mature thick
prism, which is only about 20% larger than the signal arising from the much thinner disc.
However, the CARS spectrum may be highly distorted by the coherent mixing with the non-
resonant background, on the one hand, and from the presence of two chemical species of close
wavenumbers, on the other hand. This second effect being dependent on the relative presence
of the two species, it makes it difficult to produce (even only qualitative) maps of the relative
contributions of the two species, unless a full spectral model is derived and fitted to the data.
SRS, in a spectral modality approach, produces spectra in close agreement with the spontaneous

Raman response, with however a comparatively poor spectral resolution. In order to go further
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in the spectral analysis, fits of the full spectral data set can be performed, for each point of the
2D image. Here, two contributions were needed to account for the full spectral profile. While
the first one could safely be attributed to calcite, the second one, at lower wavenumbers could
correspond to ACC and calcium carbonates related compounds, known to shift the vi resonance
mode towards lower wavenumbers. Identifying these phases further, as well as discussing the
exact nature of the ACC polyamorph is out of the scope of the present work and will be further
studied in a future article. We further introduced the calculation of the contrast C, which is able
to highlight the relative spatial distribution of crystalline calcite and ACC, using only two sets
of data at the expected Cal and ACC wavenumber values. The fair agreement between C and
its exact counterpart, based on the extractions of the respective concentrations from a fit model,
confirms the interest of C in the context of fast and weakly invasive sample characterization.
Hence, this approach, coherent Raman microscopy performed at two relevant wavenumbers, is
sufficiently fast to become compatible with the follow-up of an evolving sample.

Finally, we showed that coherent microscopy could be applied to the study of small living
animals, such as mollusk. Our first test experiment confirmed the reproducibility of the method
and its compatibility with a living mollusk shell. The presence of ACC-rich regions could be
observed in the in vivo experiment, confirming the relevance of the ACC phase as a precursor
of the biomineral calcite, as proposed earlier (Weiss et al. 2002; Addadi, Raz, and Weiner 2003;
Nassif et al. 2005; DeVol et al. 2015; Duboisset et al. 2022). In a next step, a more detailed
temporal follows up of the ACC to calcite transformation should be performed, by measuring
the spatially resolved SRS signals at the relevant wavenumbers, i.e., 1074 and 1086 cm™, during
the mineralizing cycles of the mollusk. This opens up exciting new perspectives for the study

of biomineralization and, furthermore, other phase transformation related problems.

Appendix
Here we briefly describe the derivation of the y factor introduced in Eq. 4. In presence of the
two concentrations of species [Cal] and [ACC], the measured Raman intensity writes in this

spectral region as a weighted sum on the two spectra

I(v) = [Cal]G(V)1086,WCal + [ACC]G(V)1074,WACC (7
_ 2
where G(V)y,w = W;\/ﬁ exp (— %) is the normalized Gaussian distribution centered at v

of width W. Defining the contrast C as in Eq. 4 gives

_ 1(1086)-y1(1074) _ [CallGiog6w, (1086)~Y[ACCIG1074,w 5 (1074)
1(1086)+yI(1074)  [CallG1o86,Wy; (1086)+Y[ACCIG1074,W . (1074)

®)
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where we have assumed that the cross-talk between the two Raman peaks was negligeable,

i. €., Gyogewe, (1074) ~ 0 and Gyo74w,co(1086) ~ 0. Given that 2Wacc 17 _ Weal

1086,W g (1086)  Wacc’

one can easily show that Eq. 8 can be written as

) [Cal]—y%[Acc]

~

Wacc

Wacc

so that the right term equals C,if'y = ”
Cal
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Figure 1: CARS/SRS setup a) Energetic diagram of the CARS, SRS, non-resonant scattering
and auto-fluorescence processes. The empty arrows represent the photons coming from the
lasers while the full arrows represent the photons emitted by the sample. The black lines and
the dashed lines represent the vibrational levels and the virtual electronic levels, respectively.
b) CARS/SRS experimental setup. OPO: optical parametric oscillators, EOF: Electro-Optical
Frequency modulator (20MHz), DM 1: Dichroic mirror to recombine pump and Stokes beams,
SC: Scanning mirrors, PP: Piezo-positioner, OBJ: Objective (NA=0.75 x20) mounted on a
piezo. DM2: Dichroic mirror to separate the CARS photons from the lasers, BPF: Band pass
filter to filter only the CARS photons, LPF Low pass filter to block the pump laser, PMT: Photo
multiplier tube to count the CARS photons, FPD: Fast photo-diode to measure the laser
intensity, Lock-in: Lock-in amplifier to recover the modulation due to the interaction with

molecules of interest.

20
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Figure 2: SRS images of a Pinctada margaritifera shell border obtained at 1086 cm™!. a)
Planar view, resulting from the integration of the 3D stack along the beam propagation
direction. The dashed line corresponds to the perpendicular cut depicted in ¢. b) Zoom-in view
of a young prism, depicted with a pixel size of 200 nm. Carbonate-poor ring structures are
visible inside the prism, exhibiting a gap smaller than 1 pm. c) 2D cross section extracted from
the 3D stack (highlighted by a white dashed line in a), evidencing the beam propagation
direction, along the shell thickness. The axial resolution is lower than the lateral resolution with

a typical value of a few um.
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Figure 3: CARS/SRS/Raman spectra of a geological calcite crystal at vi. The vi Raman
spectrum presents a 2 cm' FWHM, directly related to the intrinsic dispersion of the chosen
geological calcite. The natural FWHM of the SRS and CARS spectra are about 12 cm™ and 18

cm’!, respectively. The CARS and SRS spectra were acquired by changing the wavelength of
the pump beam with steps of 0.2 nm
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Figure 4: Hyperspectral images. a) CARS spectra extracted from two regions of interest,
depicted in the CARS image obtained at 1073.3 cm™'. The blue spectrum is recorded on a mature
prism, while the red spectrum is recorded on a young disc. The CARS spectrum is strongly
distorted due the interaction with the background. b) Same as a) for the SRS signal. The
corresponding regions (i.e., same disc and prism) are depicted on the SRS image obtained at
1075.6 cm™'. On the lower wavenumber side, the spectra present a distortion with respect to the
pure geological calcite (Fig 3). This asymmetric broadening denotes the presence of other
carbonate polyamorphs. Both spectra are asymmetrically broadened, with however a more
pronounced asymmetry for the disc spectra. ¢) Series of CARS images acquired for different

wavenumbers values in the vicinity of v;. d) Same as ¢) for SRS imaging.
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a pure calcite sample (Cal). b) Same as a) for a pure ACC sample. c¢) Theoretical spectrum of
an arbitrary mixture of [Cal] and [ACC]. d) Colormap ratio C calculated from the SRS
intensities taken at the Cal (1086 cm™) and ACC (1074 cm’™) wavenumbers, plotted as a
function of [Cal] and [ACC]. e) Same as d) for the Cq ratio, obtained from the true [Cal] and
[ACC] concentrations. f) Colormap difference between the C and Cq maps. In d-f the black spot
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Figure 6: Experimental extractions of Cq. a) Experimental SRS spectrum from the region
shown in b) (mature prism). The data has been fitted with a double-peak Gaussian profile
(dashed line) corresponding to the Cal contribution (blue line) and the ACC contribution (red
line) with standard deviations of 10 cm™ and 20 cm! respectively. b) The C is calculated from
the two image intensities taken at the Cal (1086 cm™') and ACC (1074 cm™) values depicted in
a. c) The Cq is calculated using the amplitudes obtained for Cal and ACC from the fit procedure.

d) Ratio between the two different contrast maps, showing less than 30% of variation.
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Figure 7: in vivo C ratio a) In vivo optically compatible cell containing the Pm oyster. The
oyster is glued on a circular microscopic thin glass plate (150 pm thickness), fixed on the cell.
The seawater is circulating into the cell thanks to two apertures, visible on the left side. b) White
image of the border of the shell (between crossed polarizers). The absorbing part, on the left,
corresponds to the animal, retracted into the shell. The white rectangle area (40 x 40 pm?)
corresponds to the region investigated with coherent Raman microscopy. ¢) SRS image at the
Cal wavenumber, taken at to. d) Same as c, taken at t; = to + 3days. Beside a global intensity
increase, due to different incident laser powers, the difference between to and t; seems marginal.
e) C map, extracted for to. f) Same as e) for ti. In c-f, the scale bar is indicated on the maps. g)
Histograms of the C value from ROI 1 at to and t;. h) Same as g) from ROI2. In ¢) and g), the
scale bars represent the C standard deviation calculated with eq. 6, from the statistics present in

the Cal and ACC intensity images.
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