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Ambystoma mexicanum is often used in regeneration studies because it reaches sexual maturity as
aquatic larvae within 360 hours, and it can regenerate its appendages. In developing a spectroscopic
approach for regeneration studies, in this contribution, we show that Raman confocal microscopy can
be used as a diagnostic tool to describe the chemical composition of axolotl embryonal tissues at
different stages of development. Experimental observations, supported by quantum chemistry studies on
molecules reported or considered to be present in the tissues of the living organism, show that in the
early stages of development (Harrison stage 11), there is only limited spatial differentiation of
phospholipid, carotenoids and proteins, though, in the later stages of development (Harrison stage 33),

Received 19th December 2024, differentiation of chemical species is possible and can be related to the development of tissues and

Accepted 30th April 2025 organs. In particular, we were able to assess the oxidation state of proteins, their packing and the role of
DOI: 10.1039/d4tb02808b pigments in protection of cellular tissues. We believe the results presented here will be helpful for those

involved in planning experiments to combine biochemistry, emission and Raman microscopy to research

Open Access Article. Published on 30 April 2025. Downloaded on 12/10/2025 3:21:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-b

Introduction

In contrast to salamanders, which undergo metamorphosis to a
terrestrial form, the Mexican axolotl (Ambystoma mexicanum)
reaches sexual maturity in its aquatic larvae." Introductory
developmental studies described 49 development stages of an
axolotl embryo.> At 20 °C Ambystoma mexicanum takes 360 hours
to grow and transform into a mature animal® which makes
axolotl attractive for laboratory studies. Indeed, early publications
reported the animal as practical and helpful for transplantation
studies.™” Later, axolotl was recognized as a highly regenerative
model organism - one of the few adult vertebrate species capable
of complete regeneration of missing body parts throughout life.°®
This unique capacity has generated several hypotheses: axolotls
may not complete metamorphosis and their cells retain some
embryonic-like characteristics,” or this behaviour may correlate,
possibly, with their depleted immunity and inflammatory
response.®® Aspects of the cellular and molecular mechanisms
of axolotl regeneration are being researched including signalling
from a wounded tissue, formation of a blastema (a limb bud-like
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axolotl tissue regeneration mechanisms.

mass of dedifferentiated mesenchymal progenitors) and recovery
of injured nerves and connective tissue cells.'*™?

Clarification of regeneration processes may require combin-
ing genetic insight (for example, on transcripts that define pro-
genitors of tissues along the temporal path of regeneration'*) with
the recovering tissue restructuring after surgical intervention.'® In
this process, monitoring chemical signatures of structural rear-
rangements at the sub-micron level may support understanding
the molecular mechanisms involved. Raman spectral sampling is
an approach that allows label-free specification of chemical species
under sub-micron resolution. For example, nonlinear coherent
Raman microscopy (CARS) was reported to describe myelin frag-
mentation and recovery upon and after damage of an axolotl
nerve.'®

As an alternative to nonlinear Raman spectroscopy, which is
sensitive to phase-matching conditions, spatial anisotropy and
wavelength specific non-resonant and resonant contributions,"”
conventional (incoherent, spontaneous) Raman confocal micro-
scopy can also be used as it has the capacity to be quantitative on
molecules present and their orientation.'® As an example, con-
ventional Raman spectroscopy has been used to describe the
chemical composition of Xenopus frog,'® ovine,”® and mouse*'**
embryonal tissues. Additionally, Raman spectroscopy has been
used for effective hyperspectral mapping of different chemical
species in bovine oocyte®® and zebrafish larvae.”* Furthermore,
Raman microscopy was performed in the confocal regime to
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pioneer hyperspectral 3D tomography of a complete zebrafish
embryo.>

Oocytes and zebra fish larvae are the species on which most
research has been conducted. On the one hand, they demon-
strate an important plethora of developmental biochemistry;
on the other hand, their structural and optical properties
provide relatively easy sampling when using optical micro-
scopy. Due to the higher level of dense structuring, microscopy
sampling of amphibian, avian and mammal embryonal tissues
is a different level of challenge.

In this study, we conduct confocal Raman microscopy on
tissues of axolotl embryos at stages 11 and 33; in the former embryo,
lateral lips have formed making the blastopore into a semicircle,
while for the latter we deal with a larva with a clear tail and head as
well as responsive body muscles.> The two selected stages provide
opportunities to explore the different molecular compositions and
distributions in embryonal space when an organism is at the
beginning and nearly the end of its formation. The second stage
is intermediate on the path of organism development. This is where
appendages and sensorial organs in introductory form are becom-
ing apparent. Exploring axolotl early eye formation may provide a
development model platform for ocular biochemistry, pathology
and regeneration studies.”®>® The same concerns opportunities to
monitor the biochemistry of growth and recovery of body constitu-
ent components and projectiles.'>*>*°

To aid molecular analysis, we conduct quantum chemistry
studies to generate Raman tensors for molecules which are
reported or considered to be present in constituent tissues of
axolotl. To the best of our knowledge, the spatial description of
molecular species of axolotl tissues at different stages of devel-
opment is reported for the first time. This is the first stage in a
plan to see if confocal Raman microscopy is suitable to address
regenerative mechanisms in the axolotl model.

o 4t
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Materials and methods
Sample preparation

Home produced axolotl eggs and larvae were kept at 24 °C.
Studies were carried out in accordance with recommendations
in the Guide for the Care and Use of Laboratory Animals of the
National Research Council;*" first, organisms were anaesthe-
tized in 0.1% ethyl 3-aminobenzoate (#E10521; Sigma, St.
Louis, MO, USA), then were euthanized by tricaine overdose.
Specimens for microscopy studies were embedded in cav-
ities cut into polytetrafluoroethylene membranes deposited on
an unprotected gold coated 12.7 x 12.7 x 0.6 mm mirror
PFSQ05-03-M03 from Thorlabs Ltd. The gold coated mirrors
are chemically inert, while the highly smooth metallic layer
ensures that the substrate does not contribute to either the
Raman or emission signals. The mirror with a specimen was
fixed in a 35 mm diameter Petri dish from Thermo Scientific™
Sterilin™ to provide an aqueous environment for the specimens
via channels to the fixing cavities. All measurements were
conducted at room temperature (24 °C). Specifically, we scanned
(i) a structural element of an early blastopore lateral lip;
(ii) epidermic precursors of the cornea of an embryo at Harrison
stage 33; and (iii) the tip of its tail, as we demonstrate in Fig. 1,
left side. The first specimen was scanned with a step of 1 micron
along both directions, while the other larger samples were
measured using a step of 10 microns along both directions.

Raman microscopy instrumentation

Spectrally resolved Raman microscopy studies were conducted
using a DXR microscope from Thermo Fisher Scientific, Madi-
son, Wisconsin, equipped with 100x microscopy objective with
numerical aperture 0.8, and using 532 nm excitation radiation.
The radiation power was set to 2 mW, according to the

isoxanthopterin pterin
olypeptide2 carboxylic
polypep acid

phosphatidyl
choline

*thﬁ“

I

polypeptide 1 N

. J’M

astaxanthin

B-carotene

Fig. 1 Left: Bright field optical microscopy images of an early blastopore, Harrison stage 11 (A) and of a structural element of its lateral lip (Al); of Harrison

stage 33 axolotl embryo (B), its eye (B1); and at the tip of its tail (B2). Boxed
Model molecular systems.
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fields indicate the areas where we conduct confocal Raman scanning. Right:
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microscope internal diagnostics. Under the adopted focusing
conditions, the selected excitation power was tested in advance
not to induce physical nor thermal-physical damage of the
selected type of specimens: the ocular samples were the most
sensitive. The spectral resolution of scanned images was
2 em ™, according to the instrumental limit of the microscope
operated using a 25 micron confocal pinhole. Calibration of the
instrument was according to the manufacturer’s procedures.

Raman image reconstruction protocol

Spectra sampled at different sites, i, were fitted to extract the
intensity of Raman activities, 4, ;, at frequencies of interest, ,
which were used in reconstructions of Raman microscopy
images (RAM).**> To visualize microscopy images specific to
selected Raman activities (RAM) we map Raman signals in the
image plane according to RAM (X, Y, ) = Y (4,,/210?) exp
i

{—(X—X,-)Z/hrxz]exp [—(Y - Y,-)Z/Zayz}. Here i is the index
of a site where a spectrum is taken, A, ;, is the amplitude of
intensity of a Raman resonance of interest in the detected
spectra, and o is the frequency of the resonance. X; and Y;
describe the position of the projection of the site i into the
image plane. X and Y variables are sample distances from the
site 7 in terms of the dimensions of detector pixels or displace-
ments of a pinhole. An image is reconstructed taking the sum
of projections of two-dimensional Gaussian source functions
over the defined sites i. When the scanning step size is
1 micron, the spatial full width of a source function setting
o)’ = 0,> = 0.6 pm?: this reflects the dimensions of the emitting
coherent envelope, using 532 nm excitation radiation. To
reconstruct images scanned using 10 microns steps, the source
function was 6 um? to provide a smooth image interpolation.

Molecular model systems

To discuss the experimental results, Raman tensors for several
representative model molecular systems were calculated. For
example, to address spectral contributions of phospholipids, we
computed Raman spectra of 1,2-didecanoyl-sn-glycero-3-phospha-
tidylcholine and 1,2-didecanoyl-sn-glycero-3-phosphatidylinositol.
Fig. 1 right side presents a structure of the phosphatidylcholine
molecule. The adopted phospholipid molecules are helpful to
model types of vibration and frequencies to be expected in lipid
membranes. At the same time, in such systems collective
phenomena are reported to affect intensities, broadenings and
slight spectral shifts. These are discussed based on results of
previously reported experiments.**™*

In the case of a protein model, we adopted the 582-592
(LDIVKLLLPRG) span of ankyrin helical fold according to 1n11.pdb
entry,*® which was modified to polypeptide 1 (Met-GFCAAAAPRMet)
and polypeptide 2 (Met-GFCEAAAPR-Met) model systems. Since we
are interested in reproducing protein spectral signatures, we
methylate both sides to avoid polar variances at the terminals
and to mimic hybridization of Ca atoms of the terminal pep-
tides. Both, proline and arginine are in the original sequence as
they contribute significantly to the native secondary structure.

This journal is © The Royal Society of Chemistry 2025
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Introduction of phenylalanine instead of isoleucine allows
modelling the Raman signature of the aromatic moiety. To reduce
polar variance next to the terminal and to reduce the number of
atoms, we replace aspartic acid with glycine and leucine residues
with alanine, respectively. In order to compute Raman properties
of a cysteine residue side group, while accounting possible var-
iance of degree of hydrogen bonding,*” in polypeptide 1 we replace
native valine and lysine with cysteine and alanine, whereas in
polypeptide 2, we replace native valine and lysine with cysteine and
glutamic acid; to obtain further details, see images of the struc-
tures in the right side of Fig. 1. In polypeptide 1, the SH moiety is
in a relatively hydrophobic environment, while in polypeptide 2,
the moiety is effectively hydrogen bonded to the COO group of the
next residue.

Wild axolotls are pigmented: there are three types of pigment
cells: melanophores, xanthophores, and iridophores. Melano-
phores contain brown eumelanins, iridophores purines, and
xanthophores pteridines.*®**° The content, distribution and
arrangement of pigment cells change during axolotl development:
melanophores and xanthophores appear early in development,
and iridophores are present somewhat later.’® In our studies, we
explore the properties of axolotl albino form. The albino gene was
introduced by hybridization (via artificial insemination) between a
female albino Ambystoma tigrinum and white Ambystoma mexica-
num males.*" Albino axolotls are not just amelanotic versions of
the wild-type; it is considered that their (overall) bright yellow
coloration and shiny areas in albino skin are presumably due to
pteridines and iridophores, respectively. Since thin-layer chro-
matographic separation of ethanol-extracted pteridine pigments
from larval and adult stage axolotl skin suggested the presence of
purine, guanine, pterin, isoxanthopterin, xanthopterin, pterin-
6-carboxylic acid, biopterin, sepiapterin, erythroneopterin and
riboflavin*®** we computed Raman spectra for these chromo-
phores. Fig. 1 right side presents structures for the selected
chromophores. ESIf provides the full data set.

Another group of expected pigments are carotenoids as they
play an important protective role in antioxidant defence systems.*?
Since carotenoids are lipophilic molecules, they are typically found
in skin,** in the retina and yolk of vertebrates.**"*® The presence of
B-carotene was reported in Xenopus laevis oocytes.'® Taking car-
otenoid biochemistry and their structural diversity into account,”’
in this contribution, we compute the properties of astaxanthin and
B-carotene; for details, see structures in the right side of Fig. 1.

Density functional theory

Optimization and normal mode analysis are performed using
the 6-31++g(d,p) basis set and the restricted B3LYP hybrid
functional*®*® as implemented in the Gaussian 09 program
package.>® To account for the proximity of the experimental
excitation wavelength (532 nm) to molecular electronic reso-
nances, we compute pre-resonant Raman intensities using
frequency-dependent (dynamic) coupled-perturbed Hartree-
Fock equations, which are specific to the incident light fre-
quency for the electromagnetic field perturbation according to
Gaussian 09 option cphf = rdfreq.’® To plot Raman spectral
dispersions according to DFT predictions, we adopt a frequency
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scaling factor of 0.97, and we compute convolutions using Lorent-

zian line-shapes with a full width at half maximum of 8 cm ™.

Results and discussion

To address the diversity of chemical species we may assess
during the early development of axolotl embryonal tissues using
label free Raman diagnostics in Fig. 2A-C, we compare repre-
sentative spectra averaged using microscopy resolved sampling
over selected structural elements of the blastopore lateral lip,
early eye specimen and tip tail of the embryo, as shown in
Fig. 1A1, B1 and B2, respectively. The reported range of spectral
signatures reflects the complexity of the transforming organism,
which recapitulates the accumulated content of the evolution of

View Article Online
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the organism: according to the Meckel-Serres conception, the
embryo recapitulates stages, which resemble successive adult
stages in the evolution of the animal’s remote ancestors.’'"*>

We suggest assignments of Raman activities starting from
quantum chemistry predictions for typical and/or plausible mole-
cular archetypes: Fig. 2D-F show Raman spectra computed for
phosphatidylcholine, helical polypeptides modelled as described
in the Materials and methods section, and selected pteridine
pigments and carotenoids, respectively. ESI contains computed
data for the full set of the considered molecules. According to the
results of quantum chemistry we suggest assignments for amide
and phenylalanine specific modes of proteins, delocalized stretch-
ing modes of carotenoids, representative signatures of phospholi-
pids and plausible Raman contributions due to pteridine pigments;
please, see the corresponding notations in Fig. 2A-C.
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Fig. 2 Representative Raman spectra taken at the structural element of the blastopore lateral lip (A), at the side of the eye and its cornea (B); and at the
tip of the tail (C) sampled in the scanned area as shown in the left set of Fig. 1. To understand the diversity of chemical species sampled in the relatively
large scanned area, in panel C, we color spectral regions of large intensity variance. (D)-(F) Raman spectra computed for the model molecular systems, as
shown in the right side of Fig. 1. Labels P, L, C and PG indicate Raman resonances, which we assigned to proteins, phospholipids, carotenoids and
pigments, respectively. To plot computed Raman spectra, we adopt a frequency scaling factor of 0.97, and convolutions with Lorentzian line-shape with

full width at half maximum of 8 cm™.
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Fig. 3 Raman micro-spectroscopy of the axolotl blastopore. Upper panel presents the corresponding average spectrum as shown in Fig. 2. Images are
reconstructed using Raman signals at 1001 cm™* of phenylalanine side group (A), at 1152 cm ™! of carotenes (B); at 1260 cm ™~ and 1653 cm™ of protein
amide Il and | (C and D, respectively); at 2850 cm~* what is specific to CH stretching modes of phospholipids, mainly (E). Labels of Raman resonances in
the upper panel correspond to notations of panels with Raman microscopy images reconstructed at the corresponding frequencies.
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Fig. 4 Raman micro-spectroscopy of the axolotl embryo ocular sample. The upper panel presents the corresponding average spectrum as shown in
Fig. 2. (A)=(E) Images reconstructed using Raman signals at 1154 cm™* (carotenes), 1302 cm™! (phospholipids), 1630 cm™* (protein amide 1), 2460 cm™*
(cysteine S—H stretching), and 2850 cm™* (CH stretching modes of phospholipids, mainly) as detected in the boxed area of the axolotl embryo eye, as
shown in the left side bright optical microcopy image or in Fig. 1B1. Labels of Raman resonances in the upper panel correspond to notations of panels

with Raman microscopy images reconstructed at the corresponding frequencies.

Adopting the assignments, in Fig. 3-5, we present microscopy
images of the selected area of the embryonal tissues recon-
structed using Raman intensities at frequencies as indicated. In
the following, we provide detailed descriptions of chemical
compositions for each of the cases. The descriptions suggest a
tentative guide on what can be observed in the axolotl embryonal
tissues using Raman diagnostics. Accordingly, accounting for
the nature of the stages, we address the biochemistry and the
possibility to map changes in biochemistry as instructed by
embryonal development.

Blastopore lateral lip sample

Let us start with Raman characteristics of the early blastopore
as shown in Fig. 1A1. First, we consider the main cellular
components, proteins and lipids. The representative Raman
spectrum (see Fig. 2A) shows spectrally broad bands at 1653
and 1436 cm™ ' and spectrally narrow resonances at 1150 and
1518 cm™ . The band at 1653 cm ™" is due to amide I of proteins,
where a-helical components dominate. Furthermore, clear spec-
tral signatures of amide III vibrations are observed in the spectral

This journal is © The Royal Society of Chemistry 2025

region 1220-1340 cm ™. According to results published previously®®
and consistent with our DFT studies, at the lower frequency side of
the band at 1436 cm ™" arise from phospholipid CH, scissor modes
(of different degrees of delocalization) specific to hydrocarbon tails,
choline and glycerol moieties. Consistent with our DFT results (see
computed spectra in Fig. 2D) and the Raman signature of skin
macromolecular components,>* we assign the higher frequency side
spectral broadening of the band to CH; wags and CH, scissor
modes of proteins.

In the higher frequency spectral range, the spectrally broad
contribution at 2880 cm ™" and the band at 2849 cm ™' correspond
to antisymmetric and symmetric CH, stretching vibrations,
respectively.”® Both, the spectrally unresolved character of these
signatures and low Ipggo/lg40 ratio suggest diminished lateral
packing density and a lack of order for phospholipids in this
protein rich sample.”® Considering the spectral width of the
antisymmetric stretching band, we cannot exclude a contribution
of hexagonal molecular arrangements,’® as previously reported for
tissues from the stratum corneum.’® We may ascribe the relatively
broad dominant band at 2930 cm ' to both protein and

J. Mater. Chem. B, 2025, 13, 6755-6764 | 6759
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Fig. 5 Raman micro-spectroscopy of the axolotl embryo caudal appendage sample. Upper panel presents the corresponding average spectrum as
shown in Fig. 2. (A)=(C) Images reconstructed using Raman signals at 1001 cm™ (phenylalanine), 1265 cm™ (amide Ill), and 1650 cm™* (amide 1) as
detected in the boxed area of the axolotl embryo tail, as shown in the left side bright optical microcopy image or in Fig. 1B2. (D)-(G) Images
reconstructed using Raman signals at 1129 (phospholipids), 1436 (phospholipids), 1520 (carotene) and 2844 cm™ (phospholipids) as detected in the same
area. Labels of Raman resonances in the upper panel correspond to notations of panels with Raman microscopy images reconstructed at the

corresponding frequencies.

carotenoid contributions. This agrees with the results of DFT
studies as shown in Fig. 2D and F.

Comparing our data to the literature, it is interesting to note
that the representative Raman spectrum from the cytoplasm of an
oocyte of Xenopus laevis demonstrated a relatively small amount of
protein, where the o-helical component was not dominant."
However, the comparative contributions of lipid and proteins as
well as the prevalence of a-helical components (as we detect)
correspond well to those reported in Raman studies of a 2,4,8-
celled mouse embryo.”” The authors discussed that switching from
the production of B-sheet rich proteins to o-helical proteins is a
signature of genetic activation after fertilization.

Next, let us consider the presence of pigments. We ascribe
two spectrally sharp resonances at 1150 and 1518 cm ' to
carotenoids. The resonances are similar to the pre-resonant
spectra computed for astaxanthin and p-carotene (see Fig. 2F).
Such chromophores are reported in the yolk of vertebrates.*’
Furthermore, the presence of B-carotene has been previously
reported in Xenopus laevis oocytes."®

Having general assignments, in Fig. 3, we compare spatial
distributions of carotenes (1150 cm™ %), lipids (2850 cm ") and
proteins (1001, 1260 and 1650 cm™'). The reconstructed maps are
quite similar, which may correspond to a relatively weak degree of
functional differentiation of the selected stage of embryonal
development. Also, it is interesting to note the relatively rich
contribution of carotenoids, which are co-present with proteins
and lipids. Indeed, carotenoids are the source of retinoic acid
that binds the nuclear retinoic acid receptors to regulate the
transcription of hundreds of genes that are critical for early
embryogenesis.*®

6760 | J Mater. Chem. B, 2025, 13, 6755-6764

Ocular sample

The bright field microscopy image at the left side of Fig. 4 shows a
selected region of the ocular specimen of the embryo at Harrison
stage 33. According to Cuny and Malacinski,”® at this stage, the
initial pair of optic vesicles demonstrate a significant transformation.
Specifically, the vesicles expand, and their walls (facing the head
epidermis) are thickened to form a neural retina, which subse-
quently becomes a concave lens hemisphere; a planar lens placode
(formed by the thickened internal layer of the head epidermis)
contracts to form the lens hemisphere. The bright field microscopy
image at the left side of Fig. 4 (and in Fig. 1B1) demonstrates the lens
hemisphere structure covered with an epidermal precursor of the
sclera. The image shows local dark fibrillar spots, which may suggest
extra thick structuring with possible pigment depositions.

The representative Raman spectrum (Fig. 2B) for the sample
includes resonances at ca. 1302 and 1420 cm ™ *. Following the
results of our DFT studies and literature,**®° we ascribe the
vibrations at 1302 cm " to CH, twists of phospholipids mainly
and proteins marginally (see Fig. 2D). In the mid-IR spectral
region, the Raman spectrum includes amide I transitions,
suggesting a moderate presence of proteins while the signal
from largely helical structural components (at 1650 cm ™) is no
longer dominant, as found for the early blastopore.

There are prominent resonant Raman peaks at 1154 and
1521 em ™!, which are characteristic of carotenoids. The peaks
originate, respectively, from the C-C single-bond and the C—=C
double-bond stretching vibrations of the molecule’s conjugated
carbon backbone, while the weaker peak at 1013 cm ' is
attributed to the rocking motion of the molecule’s methyl side

groups.®!

This journal is © The Royal Society of Chemistry 2025
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Carotenoid molecules play an important protective role in
the skin’s antioxidant defence system.® If unbalanced due to a
lack of antioxidants, the destructive effects of reactive oxygen
species and free radicals can lead to skin malignancies and
disease. In animal models, carotenoids have been shown to
inhibit carcinoma formation in the skin.*® According to DFT
predictions for astaxanthin and p-carotene (see Fig. 2F) we
anticipate the sharp peak at 2932 cm ™' to be a signature of
carotenoids, as well.

As we addressed in the Materials and methods section, the
results of chromatographic studies indicated that albino axolotl
skin contains pteridine pigments.*>** According to our DFT
predictions (see Fig. 2E), the weak Raman signals at 1590 and
3100 cm ™! may suggest a small amount of such pigments in the
epidermis of the head and in the epidermis of the ocular
region, in particular.

In the wavenumber range between 2400 and 2600 cm™ -, the
spectrum detected for the ocular sample reports a dominant peak
at 2436 cm™ " and several weak resonances at 2467, 2502, 2518 and
2574 cm™ ', Early Raman studies on bovine® ocular lens proposed
that reduced SH moieties of proteins contribute to this spectral
region. In particular, Raman resonances at 2558 cm™ ' and the
shoulder near 2560 cm ™" as detected in bovine lens (in the nucleus
and in the cortex) were ascribed to two distinct environments for
SH groups. Later, the relative presence of reduced SH moieties
under different degrees of hydration was discussed in relation to
physiological conditions and aging.®>*® The main Raman reso-
nance we detect is at a lower frequency than reported for bovine
samples. This may suggest both, a better hydrated environment
and different protein biochemistry of amphibian development.
The results of our DFT studies for the SH vibration in polypep-
tides where the moiety is under effective hydrogen bonding to a
neighboring glutamic acid (polypeptide 2) or embedded in a
relative hydrophobic environment by proximal methyl groups
(polypeptide 1) indicate a sufficiently wide spectral range to
support the observed frequency according to the degree of polar
interaction with near neighbours and the environment. This
agrees with the spectral variances anticipated for the SH vibra-
tion of the amino acid cysteine when paired with different
proton containing molecules.®”

It is interesting that the status of protein oxidation can be
accessed using the ratio of SS (508 cm™ ') and SH (2580 cm ™)
modes.®”7° As the Raman signature we detect at 508 cm "
(see left insert in Fig. 2B) is about 6.5 times weaker than the
peak at 2436 cm~ ', we may note dominance of the reduced
state of the protein which may be important for structural
flexibility upon embryonal development.

We now compare spatial distributions of carotenes (1154 cm™ %),
lipids (1302 and 2850 cm ") and proteins (1630 and 2460 cm™ ). In
contrast to the distributions detected for the blastopore, panels of
Raman patterns (as shown in Fig. 4) demonstrate two scenarios. The
weaker signal of phospholipid at 1302 cm ™" (Fig. 4B) tends to agree
with the spatial distribution reconstructed at 2850 cm '
(Fig. 4E). In the lower region of the corneal limbus there is a
lack of phospholipid Raman intensity. Instead, the phospholi-
pid contribution becomes more prominent toward the centre of

1
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the eye. The distribution of carotenoids (Fig. 4A) follows the
presence of phospholipid. This corresponds to the lipophilic nature
of the chromophore. In contrast, maps for amide one and for SH
vibration indicate the dominance of proteins in regions of lower
phospholipid content. This may be an indication of protein machin-
ery localisation to provide further growth and restructuring.

Similar to the previous sample, spectrally broad bands at
2850 and 2888 cm ' show a rather low I,ggo/lrs40 ratio which
suggests a decreased lateral packing density and a lack of order
for phospholipid tails.>® This agrees with the comparable inten-
sities for skeletal C-C stretchings at 1129 and 1101 cm™". This
suggests the role of gauche isomers which dominate in a liquid
crystalline phase.*

Caudal appendage sample

Finally, we consider the capacity of Raman spectroscopy and
microscopy to resolve molecular distributions within a semi-
transparent region of the body tail tip; see bright field micro-
scopy images in Fig. 1B2 and expanded view in Fig. 5. To
approach spectral properties, we must consider the tissue
composition we scan. In this instance, this concerns the skin:
Ambystoma skin has both epidermis and dermis. The epidermis
of adult axolotls consists of several cell layers containing non-
keratinised cells, basal cells and Leydig secreting cells.”*
Already before hatching, Leydig cells were reported between
the two epidermal cell layers, which are characteristic for this
stage.”” The dermis holds mucous and granular glands within
the stratum spongiosum - a network of collagen fibres above
the stratum compactum, which forms a compressed collagen
layer on top of the hypodermis to separate skin from the
underlying muscle.”® Collagen is the key matrix to preserve
elasticity and firmness.”*

In Fig. 2C, we present representative Raman spectra to
account for the main spectral features and intensity variances for
the region of the microscopy study. Raman spectral components of
phospholipids dominate. The spectrally narrow character of phos-
pholipid resonances at 1436, 1459, 2844, and 2880 cm ™" signify
that the alkyl chains are in tight and relatively ordered lattices.>> A
relatively high intensity ratio Iggo/Irg44 & 2.1 suggests an elevated
lateral packing density.”® This agrees with the skeletal C-C stretch-
ing ratio Iijao/li101 > 2 indicating that all-trans isomers
dominate.*® The prominent resonance at 714 cm™ " is due to the
stretching vibrations of phospholipid C-N bonds.”® If such is the
case, since relatively localized, under polarisation conditions, this
scattering may serve as a valuable surface structural marker.

In the spectral range of the amide I band, Raman spectra
show two weak bands at 1647 and 1659 cm™'. The former
resonance is due to the alpha-helical component and the latter
Raman signal is ascribed to collagen;”® in particular, it is
instructive that while collagen fibers demonstrate an amide I
band at 1671 cm™ ', a collagen signal from skin normal dermis
is reported at 1659 cm *.”® Raman resonances at 1154 and
1520 cm ! are indicative of the presence of carotenoids, while
relatively weak Raman scattering at 1590 and 3090 cm™ ' may
suggest small contributions of pteridine pigments.
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Having Raman microscopy maps reconstructed for different
frequencies, in Fig. 5 we group them into two sets according to
spatial patterns. Specifically, Fig. 5A-C demonstrate Raman scat-
tering distributions for resonances of phenylalanine (at
1001 cm™ '), amide III (at 1265 cm ') and amide I (signal is
summed within 1630-1670 cm ™" spectral region), respectively. In
all cases, Raman scattering fills the full image space. In Fig. 5D, E
and G we present Raman maps for resonances of phospholipids at
1129, 1436 and 2844 cm ™, respectively, while in Fig. 5F, we show
the spatial distribution of signatures characteristic to carotene at
1520 cm ™. These four maps fill the upper half of the image space.
Considering that the tail structure experiences thickening towards
the lower left corner, we may consider the second set of images to
report only on the molecular species in the skin. Comparatively,
the pattern of Raman signals in the first set of images is more
regular (in the image space) because proteins are expected to be
present regularly regardless of whether we sample in the epidermis
or deeper below. It is necessary to note here that the Raman
pattern in Fig. 5A does show a larger signal at the upper right half.
We believe this is because carotene Raman scattering may con-
taminate the spectral contribution of phenylalanine: results of DFT
studies (see Fig. 2F) indicate a f-carotene resonance at the higher
frequency side of the phenylalanine characteristic signature (see
Fig. 2D). This may explain the slight broadening of the Raman
transition assigned to phenylalanine at 1001 cm ™, as indicated in
Fig. 2C.

Conclusions

Using labelling free Raman micro-spectroscopy and assisted
with quantum chemistry we reviewed the distribution of mole-
cular species in the blastopore lateral lip of Harrison stage 11
embryo as well as the eye ocular sample and caudal appendage
sample of Harrison 33rd stage embryo of the albino axolotl.
Proteins with a rich alpha-helical content dominate blastopore
tissue. Due to the weak differentiation of the early develop-
mental state, phospholipid, proteins and carotenoids demon-
strated a similar distribution pattern in space. The ocular
section of the embryo (at Harrison stage 33) demonstrates the
lens hemisphere structure covered with an epidermal precursor
of sclera. Under 532 nm exciting radiation, representative Raman
spectra of the structure include a strong carotenoid contribution
and weaker signals from phospholipid and proteins. Accounting
for the intensity of the SH resonance, Raman diagnostics report
on essentially the reduced state of the proteins. Darker fibrillar
deposition at the surface tends to correlate with the presence of
protein and anticorrelates with the presence of phospholipids.
Spatially resolved sampling reveals the carotenoid content to
follow phospholipid distributions. Raman microscopy of the
33rd Harrison embryo tail (caudal appendage sample) demon-
strates that, overall, phospholipids dominate in the sampled
region. The character of phospholipid resonances indicates that
the alkyl chains are in a tight and relatively ordered lattice.”*
Raman diagnostics reveals the co-presence of collagen and
proteins rich with alpha-helical structural component. As it the
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case of the ocular sample, carotenoids follow the phospholipid
distribution, which dominate in skin mainly. Our results of
protein sampling indicate that the embryonal tissue under the
selected stage of development does allow amide I and III detec-
tion deep inside while using 532 nm radiation. While opaque, the
blastopore and ocular region sample of the grown embryo do
allow surface sampling, mostly. With respect to the organs under
the indicated stage of development, this makes Raman micro-
scopy helpful for regenerative studies upon external interven-
tions. Trying to employ near infrared radiation in the spectral
region of tissue optical transparency may allow a better extended
three-dimensional sampling capacity. The results provide the
basis for quantitative analysis using theory approaches reported
previously.'®”” We believe this contribution will be helpful for
those involved in planning experiments to combine biochemis-
try, emission and Raman microscopy to research axolotl tissue
regeneration mechanisms.
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