Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

A new methodology for muscle phenotyping by
Raman spectroscopy

André Mourdo Batista
Instituto de Pesquisas Energéticas e Nucleares

Diego Cunha Pascoal
Instituto de Pesquisas Energéticas e Nucleares

Paula Ketilly Nascimento Alves
Universidade de Sao Paulo

Luis Antonio Chinait Hess Costa Dutra
Universidade de Sao Paulo

Anselmo Sigari Moriscot
Universidade de Sao Paulo

Niklaus Ursus Wetter
Instituto de Pesquisas Energéticas e Nucleares

Anderson Zanardi Freitas

freitas.az.ipen@gmail . com

Instituto de Pesquisas Energéticas e Nucleares

Article

Keywords: skeletal muscle, fibers, Raman spectroscopy
Posted Date: June 6th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-6657996/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/17


https://doi.org/10.21203/rs.3.rs-6657996/v1
https://doi.org/10.21203/rs.3.rs-6657996/v1
https://doi.org/10.21203/rs.3.rs-6657996/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Muscle fiber types perform distinct functions in skeletal muscle tissue, allowing a wide range of physical
and motor capabilities. The characterization of these fibers is essential in several research fields,
however, the methodologies currently used are quite expensive and time-consuming. Here we
successfully demonstrate that Raman spectroscopy, combined with chemometric methods such as
PCA, can distinguish different types of skeletal muscle fibers in the soleus muscle. Distinct spectral
variations associated with tryptophan, phenylalanine, tyrosine, and the Amide | band were identified as
critical biomarkers to differentiate fiber types. In addition, we highlight the structural changes of protein-
related bands, demonstrating transitions and providing experimental evidence for conformational
changes linked to muscle function. Our new methodology for detecting spectral patterns offers valuable
insights into the biochemistry of muscle cells, enabling the identification of specific types of skeletal
muscle fibers and paving the way for further investigations into these cells under various conditions,
such as atrophy, hypertrophy, and sarcopenia.

Introduction

Skeletal muscle fibers are highly specialized cells responsible for voluntary movements and can be

classified based on their contraction speed, metabolic properties, and fatigue resistance’. They can be
divided into two main types, type | (TI) and type Il (Tll). Type | fibers are slow-twitch, highly oxidative, and
fatigue-resistant, making them ideal for endurance activities. Type Il fibers are fast-twitch and are further
subdivided into Type lla (oxidative glycolytic), Type lIx (glycolytic), and llb (glycolytic and express the
fastest twitch fiber). Type lla fibers are moderately fatigue-resistant and are used in intermediate-
duration activities, while Type lix and llb fibers are specialized for short bursts of high-intensity force but
tire quickly. This diversity of muscle fiber types allows for a wide range of physical capabilities, from
sustained endurance and body posture to rapid movements, which are essential elements for adequate
environmental adaptation?. The characterization of these fibers is very important in several fields of
research, such as in the understanding of cancer 34 in the early diagnosis of aging®, in sports medicine®,
among others. Usually, those fibers are characterized by immunofluorescence-based assays utilizing
specific primary and secondary antibodies, detecting the particular myosin heavy chain (MHC)
expressed 78°. Although this method is considered quite precise, it requires a significant level of tissue
preparation, it is time-consuming and the use of multiple antibodies makes it relatively expensive. In this
sense, the characterization of novel methodologies able to identify those fibers is welcome.

Raman micro Spectroscopy (RuS) has emerged as a powerful and non-invasive analytical tool for the
study of biological tissues, unraveling the molecular composition and structural information of various

biomaterials %7, This vibrational spectroscopy technique rests upon the inelastic scattering of
monochromatic light, typically from a laser source, by molecular vibrations within a sample. The
resulting Raman spectrum provides a wide range of information about the chemical environment,

molecular interactions, and conformational states within the biological tissues being examined'%'314,
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Moreover, RuS can characterize the presence of various biomolecules such as lipids, proteins, nucleic
acids, and carbohydrates, allowing a better understanding of cellular functions and interactions within
tissues'?>'>16_ This capacity to probe the biochemical landscape at single-cell resolution makes it an
important tool in cell biology, enabling the characterization of heterogeneous populations of cells within
tissues. This capability is particularly significant in the field of pathology, where differentiating between
healthy and diseased tissues can be crucial for diagnosis and treatment planning’”'®1°. For instance,
the analysis of tissue sections can yield insights into the biochemical alterations associated with
diseases such as breast cancer'’. Raman spectral signatures can serve as biomarkers, identifying
specific molecular changes that may indicate the presence or progression of malignancies.

Another significant advantage of RuS is its minimal sample preparation requirements. Traditional
techniques, such as histology and immunohistochemistry, often rely on extensive labeling or fixation that
may alter the intrinsic properties of the tissue. In contrast, the RuS allows for the analysis of fresh
samples without time-consuming preparation, thus with an outstanding level of biomolecule
preservation. Micro-Raman has been utilized to investigate skeletal muscle, mainly focusing on fiber
optic-based assessment of the tissue in vivo to detect specific spectroscopic signatures in certain
pathologies such as dystrophies, and muscle injury or addressing skeletal muscle-derived cell lines?°.
Those are valuable approaches to address skeletal muscle, nonetheless are limited in identifying specific
skeletal muscle fiber Types. Here, we used the RuS associated with chemometrics to characterize
specific muscle fiber types in tissue cross-sections with minimal preparation. The results showed that
fiber-type phenotyping is possible.

Materials and Methods
Experimental Animals

Two wild male C57BL/6 mice, were kept in a temperature-controlled vivarium (more details in ethic
statements), 24 + 1°C, 12h light-dark cycle, standard food (Nuvilab CR-1, Nuvital-Quimtia, Brazil) and
water offered ad /ibitum. This study was approved by the University of Sdo Paulo (Institute of Biomedical
Sciences) ethics committee under protocol # 2144240425 and followed the Code of Practice for the
Housing and Care of Animals Used in Scientific Procedures.

Tissue preparation

The animals were deeply anesthetized and subjected to cervical dislocation. Subsequently, the soleus
muscle was removed, and transversely sectioned into two equivalent fragments which were
cryoprotected by cold isopentane for 1 minute, and immediately immersed in liquid nitrogen?'. The
tissue fragments were then cut (mirrored) in a cryostat at thicknesses of 10 um, for prior
characterization by immunofluorescence assays, and 50 um for analysis by RuS (Fig. 1). They were
subsequently applied on slides and fixed in a solution containing 4% paraformaldehyde for 10 min,
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washed (3 times for 5 min) with TBS-T (tris-buffered saline, 0.5 M NaCl, 50 mM tris-HCI pH 7.4 with 0.3%
TRITON X-100) and then mounted with a glycerol-based preparation.

Immunofluorescence assay

Slides were initially incubated with a blocking solution (MKB-2213, Vector Lab) for 1 hour, in PBS and
then incubated overnight at 4 °C with the following primary antibodies all from (Developmental Studies
Hybridoma Bank, University of lowa): anti-MHC | (#BA-D5, mouse 1gG2b, 1:500), Anti-MHC Ila (#SC-71,
mouse IgG1, 1:400); and diaphragm muscle membrane was stained using anti-dystrophin antibody
(SC#15376, rabbit IgG, 1:500). The secondary antibodies: DyLight 405 goat anti-mouse IgG2b (Jackson
ImmunoResearch, West Grove, PA, USA, #115-475-207, 1:200), Cy2 goat anti-mouse IgG1 (Jackson
ImmunoResearch #115-225-205, 1:200), and Cy3 donkey anti-rabbit (Jackson ImmunoResearch #711-
165-152, 1:200) were subsequently used for 1 h at 37°C. Photomicrographs (Fig. 1) were acquired using
Axio Scope A1 (Carl Zeiss Microscopy GmbH, Géttingen, Germany).

Raman Spectrometer

A confocal Raman spectrometer, LabRam HR Evolution HORIBA Scientific, was used with a 50x
magnification objective and a 473 nm excitation laser wavelength, with a power of 12.74 mW on the
sample, pinhole of 100 pm, integration time of 5 s, and using a diffraction grating of 600 |/mm. The
positioning of the focus of the objective at 5 microns below the sample's surface to avoid coverslip
fluorescence. For each cell 40 spectra were collected in the region of 500 to 3600 cm™ ', 20 in the central
area of the muscle cell, and 20 in the peripheral area (Fig. 1).

Experimental setup

The experiment consisted of the ex vivo analysis of the soleus muscle, which was dissected and
removed so that its mass could be measured. The muscle mass parameter was normalized using the
muscle mass/body mass ratio of the animal. Then the immunofluorescence assay was performed first
to characterize the fiber types, and subsequently, the spectroscopic and statistical/chemometric
analyses were taken.

Data processing

After collecting 40 spectra per cell, the raw data were processed using LabSpec 6 software, performing
spike removal, noise reduction by applying 8-neighbor polynomial smoothing, baseline application using
a 4-point polynomial method, and normalization by the spectral range of 2800 to 3100 cm™ ! (peak of
highest intensity). Origin Pro 8.5, Fityk, and RStudio software were also used to plot, analyze, and fit the
experimental data.
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Statistical Analysis

Dimensionality reduction of the spectral data was performed by principal component analysis (PCA)
through the R language, using the RStudio program. The ChemoSpec package was used for multivariate
analyses. The distributions of intensity ratios were plotted in boxplots and multiple pairwise
comparisons between fiber types were performed using the Kruskal-Wallis test and non-paired Wilcox’s
test, and correlation studies were analyzed.

Results and Discussion

The main objective of our study was to analyze the three specific types |, lla, and lIx of skeletal muscle
fibers present within the soleus muscle to identify distinct RuS spectral signatures. These fibers were
previously characterized by a standard immunofluorescence assay. This work enhances the
understanding of the chemical constituents of these cells and potentially facilitates the identification of
specific fiber types, independently of classical detection methods such as Myosin Heavy Chain
immunolabeling. The following sections will specifically address the analyses performed cells.

PCA in the spectral range 500—-3600cm™’

Initially, a spectral pattern was sought to distinctly characterize each type of fiber to perform
phenotyping using the Raman spectroscopy technique. The key constituents and vibrational modes
associated with these fibers are summarized in Table 1 (and Extended Data Table 1). To this end, 40
measurements were taken from over 150 cells, totaling 6000 spectra. However, contamination from
mandatory chemical agents used in the coverslip fixation process—specifically glycerol—interfered with
the spectra, reducing the number of usable samples to 105 cells. At first glance, it was challenging to
distinguish between the fiber types without further assistance, however, a more evident distinction
emerged between type | and type Il fibers utilizing specific chemometric tools, as described below.

A statistical analysis was performed using PCA on the generated spectra clusters to differentiate these
fibers further. As shown in Fig. 2, the spectra are largely similar, resulting in peak overlap (Fig. 2a). The
loading plots of the first two principal components (Figs. 2b - ¢) revealed certain anomalous
interferences in the high-frequency region (3000-3600 cm-") but highlighted the greatest spectral
variation in the region between 1500 and 1800 cm~'. The 3D PCA plots (Fig. 2d) indicate some clustering
tendency, despite considerable dispersion. Notably, two large clusters were observed, which we attribute
to the anomalous spectral features in the high-frequency region above 3000 cm-".

For the above reasons, we decided to restrict the spectral range under investigation and focus on the
region between 1500 and 1800 cm~", using the cell average to minimize the observed spectral
dispersion.

PCA in the spectral range 1500-1800 cm™
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Within this narrower range, spectral differentiation between type | and type Il fibers became apparent
(Figs. 3a—b). Notably, a nearly equal intensity is observed between the 1600 and 1657 cm~" bands for
type | fibers, while a marked increase in intensity is seen in the 1600 cm~" band for type Il fibers. This
intensity variation was most pronounced in type lla fibers. The loading plots of principal components
(PCs) 1 and 2 (Fig. 3c) further highlight the regions of greatest spectral variation, specifically between
1590 and 1604 cm~" for PC1 and 1650 to 1670 cm~" for PC2; these spectral features correspond to
vibrations associated with tryptophan, phenylalanine, tyrosine, and amide | (Table 1). These chemical
agents, mainly amino acids, are intrinsically linked to cellular biochemical processes, where they play
crucial roles in muscle cell metabolism?22324, Specifically, they are notably involved in protein synthesis,
therefore, in growth, in force generation, all of which influence the performance, endurance, and

structural integrity of muscle fibers?®.

The spectral region between 1590 and 1604 cm~' may also be associated with nucleic acids 2%, e.g.,
RNA, which plays a crucial role in muscle function. As is well established 2728, ribosomal and messenger
RNAs are directly involved in protein synthesis. Therefore, the increased intensity of this band in type Il
muscle fibers can be interpreted as a result of elevated levels of amino acids and ribosomal/messenger
RNA in these fibers. However, existing literature also suggests that this nucleic acid content is actually
higher in type | fibers??, indicating that the band in question may not specifically reflect ribosomal or
messenger RNA content. It is plausible that DNA, rather than RNA, contributes to the observed intensity
of this particular band. It is important to note that the variability in spectral intensity within the same
fiber is significant. This variation may be attributed to activity cycles, potentially reflecting fluctuations in
protein synthesis levels, such as periods of lower and higher synthesis®% 3! The main finding was
observed in the three-dimensional graphs (Fig. 3d), where a distinct separation/grouping was observed
between the confidence ellipses between the three types of fibers, showing that it is possible to perform
muscle phenotyping.

Intensity ratio analysis is a widely employed technique in vibrational spectroscopy 323334

, including in
biological assays®®. In the present study, the ratios between the intensities of the
frequencies/wavenumber of the amino acids: tryptophan, phenylalanine, and amide |1 (1359, 1601-1604,
and 1657 cm™ ', respectively) were analyzed to differentiate the fiber types. These specific frequencies

showed considerable variations in intensity, as depicted in Fig. 4a.

This spectral analysis facilitated the separation of the three fiber types for both animals (Fig. 4b), even
considering the propagation of errors in the calculations. Notably, the error bars do not overlap for the
same animal sample. Another observation is that in one of the animals the intensity ratio values, in both
ratios evaluated, exhibited a greater distance, that is, the separation/distance by fiber type is even
greater, causing a more pronounced slope between the data points. This phenomenon may arise from
biological variations between animals in the abundance of agents that compose the 1604 cm™ ' band, or
from the intracellular biochemical variability already discussed. Since the main components of the 1604

cm” " band are amino acids, notably crucial for skeletal muscle fiber homeostasis, one can imagine that
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these variations may reflect stages of fiber turnover, where free amino acids float within the cell.
However, in the correlation analysis (Fig. 4c), the intensity of the 1604 and 1657 cm-1 bands showed a
high degree of correlation.

Muscle cells were also studied by the mean distribution of the 1601/1359 and 1604/1657 cm-1 ratio,
where Fig. 4d - e shows that the profile of the cells is similar. Tl fibers have a lower ratio intensity, while
Tlla and TlIx fibers have a higher ratio intensity, with a statistically significant difference between the cell
fiber types.

Another factor/parameter used to observe small spectral variations is the bandwidth, which can be
evaluated through theoretical fits of the experimental data. In this context, four Gaussian functions were
applied in the range of 1500 to 1750 cm-1 to represent the experimental data for quantitative analysis
(Fig. 5). In these quantitative analyses, the area value of four Gaussians representing the tryptophan,
phenylalanine/tyrosine and Amide | bands, respectively, was first observed (Fig. 5a), where their area
values are described within the bands in question. A significant increase in the area of the
phenylalanine/tyrosine band (Tl < TIIA < TlIx ) can be observed. In the spectral region of amide I, two
bands of the secondary structure of myosin were evaluated, one at 1657 cm-1 representing the a-helix
structure and the other at 1685 cm-1, representing the B-sheet structure®® 27, in these regions there was
an increase in the alpha structures and a decrease in the B-sheet structure in the direction of type | to
type lIx fibers. Figure 4b shows the Half-Width at Half-Maximum (HWHM) behavior of the fits for the
band near 1604 cm-1, where a distinct separation between fibers is evident, as the error bars do not
overlap, revealing the unique characteristics of each fiber.

This spectral region corresponds to three specific amino acids, tyrosine, tryptophan, and phenylalanine
(Table 1), indicating that these are the main chemical components responsible for fiber differentiation.
As already mentioned above, fluctuations in the levels of these intrafiber-free amino acids can impact
trophicity in relation to cycles of more or less intense protein synthesis activity. Indeed, phenylalanine,
which is the most predominant and most variable chemical component of the 1604 cm™ ! band, can
induce protein synthesis by activating the PI3K/AKT/mTOR pathway, a key mechanism involved in
maintaining skeletal muscle fiber size and strength 8.

These findings provide great experimental insights into muscle fibers, especially because they help to
understand conformational changes related to protein secondary structures. To our knowledge, such
data have not yet been reported in the literature.
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Table 1

The spectral interpretations

Frequency
(em™)

1359

1552
1577

1592

1601

1605

1615-1618

1620-1750

Compounds

Tryptophan (1360) 353°

Tryptophan (1552-
1555) 40

Nucleic Acids, A, G
(-I 576) 39,41

Phenylalanine (1580-
1599) 3942 / Nucleic
acids (1592) 2¢

Phenylalanine (1601-
1 604) 39,40,43

Phenylalanine (1605~
1607) 3° / Tyrosine
(1607) 44

Tyrosine (1614-1617)
3943 / Tryptophan
(1615-1623) 3940

Amide | 20,36, 37,39

v - stretching vibration

& — deformation vibration

Vibrational Bonds / Assignement

v ring

v (C =C), tryptophan (protein assignment)

C =N and C = C stretch. in quinoid ring

Phenylalanine (protein assignment), Ring C-C stretch. of
phenyl, & (C = C?

Ring C-C stretch of Phenyl / Tyr v ring / C = C in-plane
bending mode of phenylalanine & tyrosine

C =C stretching mode / v Ca - CB.

Stretch. C = C of Amide | (1650) / Lipid (1652-1655) /
Carbonyl stretch. C=0 (1653) / T, G, C ring breathing
modes of the DNA/RNA (1655-1680) / a-helix structure C
= O stretching mode (1657) / B-sheet structure (1685)

Conclusions

This study successfully demonstrated that Raman spectroscopy, combined with chemometric methods
such as PCA, can distinguish different types of skeletal muscle fibers in the soleus muscle. Despite
challenges like spectral contamination from the fixation process agents and overlapping vibrational
peaks, clear patterns emerged within specific spectral bands, particularly near the Amide | region (1500-
1800 cm™"). Distinct spectral variations associated with tryptophan, phenylalanine, and tyrosine were
identified as critical markers for differentiating fiber types. These amino acids directly influence
metabolism, protein synthesis, and maintenance of muscle cells.

Despite the variations in spectral patterns, it can be seen that the fiber type pattern was repeated for
both animals, where the Tl fiber showed weaker intensity in the amino acid bands than the Tlla and TlIx
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fibers. We also highlight changes in protein secondary structure, demonstrating a structural transition
and providing experimental evidence for conformational changes linked to muscle function. Intensity
ratios and bandwidth analysis were also shown to further validate the distinction of fiber types, with no
overlapping error bars, indicating reliable statistical differentiation. Studies related to the accuracy of this
methodology are currently being carried out.

Our findings establish Raman spectroscopy as a powerful methodology to identify and characterize
specific skeletal muscle fibers. This novel methodology for detecting spectral patterns offers valuable
insights into muscle cell biochemistry, enabling the identification of specific skeletal muscle fiber types
and paving the way for new investigations into these cells under various conditions, such as atrophy,
hypertrophy, and sarcopenia.
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Soleus Muscle

Figure 1

10 um thick cross section

50 um thick cross section
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Schematic representation of the experimental and statistical procedures.
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Figure 2

PCA data in the spectral range 500 - 3600 cm for the 40 points per cell, where: @) Raman spectra of
fibers T, Tlla, Tlix; b) and c) Loading of the spectral variation observed of the principal components 1
and 2; d) 3D PCA plot of fibers.
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Figure 3

PCA data in the spectral range 1500 - 1800cm™ for the cell averages, where: @) Raman spectra of Tl, Tlla,
TlIx fibers; b) Median variation for each fiber type separately; ¢) Loading of the observed spectral
variation of principal components 1 and 2; d) 3D PCA plot of fibers.
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Figure 4

a) Average Raman spectra by fiber Type of all analyzed cells with the standard error. b) Analysis of the
ratio between the intensities of the 1604/1657 and 1601/1359 cm™ bands for the two mice separately.
c) Correlation between average intensities of 1604 and 1657 cm-" of each cell. d) Boxplot of the average
ratios of 1604/1657. e) Boxplot of the average ratios of 1601/1359 per cell. Where in the Wilcox’s test: *
p=< 0.05 * p=<0.01,***p<0.0001).
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Figure 5

a) Gaussian fittings of the bands in the region 1500 - 1800cm™". The numbers inside the bands refer to
the area values. b) HWHM analysis of the 1604 cm-1 band of figure a
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