
HAL Id: hal-04885108
https://hal.science/hal-04885108v1

Submitted on 14 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Change in muscle fibre protein structure following
salting process assessed by synchrotron deep UV

fluorescence microspectroscopy
Saïd Abou El Karam, Duconseille Anne, Annie Vénien, Christine Ravel, Hugo

Chauvet, Frederic Jamme, Matthieu Réfrégiers, Thierry Astruc

To cite this version:
Saïd Abou El Karam, Duconseille Anne, Annie Vénien, Christine Ravel, Hugo Chauvet, et al.. Change
in muscle fibre protein structure following salting process assessed by synchrotron deep UV fluorescence
microspectroscopy. Food Chemistry, 2025, 471, pp.142801. �10.1016/j.foodchem.2025.142801�. �hal-
04885108�

https://hal.science/hal-04885108v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Change in muscle fibre protein structure following salting process assessed
by synchrotron deep UV fluorescence microspectroscopy

Saïd Abou El Karam a,*, Anne Duconseille a, Annie Vénien a, Christine Ravel a, Hugo Chauvet b,
Frederic Jamme b, Matthieu Réfrégiers c, Thierry Astruc a
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A B S T R A C T

Samples of pork teres major muscle were salted and tumbled with 0.9 %, 1.3 % & 1.9 % sodium chloride
respectively. The emission fluorescence (exc. 275 nm) of intramuscular connective tissue and of muscle fibre
subtypes I, IIA and IIB-IIX was investigated by Synchrotron deep UV fluorescence microspectroscopy in order to
characterize the change of the macromolecular structure of proteins. On emission spectra, tryptophan fluores-
cence was predominant and an additional peak assigned to dityrosine was detected around 395 nm. The fluo-
rescence emission spectra vary depending on salt level both on intramuscular connective tissue and muscle fibres
which subtypes were discriminated for one animal among the set of four. This result is encouraging in the
perspective of developing sensors for meat evolution during the salting process. However, no noticeable pre-
diction law linking the fibre autofluorescence to salt level could be deduced.

1. Introduction

Sodium chloride is added in meat processing as flavour enhancer,
preservative, and texture-control agent. Moreover, salt brine improves
the water-holding capacity of meat products (Offer & Knight, 1988). In
“petit salé” which is a traditional French product made from pork
shoulder, the salt content varies from 1.1 % to 1.9 % (0.17 to 0.35 M).
Adding sodium chloride to meat increases the muscle tissue’s ionic
strength, resulting in the partial solubilisation of muscle fibre proteins,
especially myosin, leading to the depolymerisation of thick filaments
(Offer& Knight, 1988). C-protein, tropomyosin, troponin, and in a lesser
extent, actinin and actin are also extracted by salt (Offer & Trinick,
1983; F. Y. Wu & Smith, 1987). Myosin starts to solubilise from 0.04 M
NaCl in muscle extracts, (Offer & Knight, 1988; Ruusunen & Puolanne,
2005) and myofibrillar proteins have been shown to solubilise from 0.1
M NaCl in isolated myofibrils (Wu & Smith, 1987). The solubilisation of
muscle fibre proteins is associated to change in their molecular structure
(Abou El Karam et al., 2023; Böcker et al., 2006; Graiver et al., 2006; Wu
et al., 2006). Böcker et al. (2006), using FT-IR microspectroscopy,
showed that in situ muscle fibre protein started to denature as soon as it
was incubated in brine containing 0.9 % NaCl (corresponding to 0.15 M

NaCl) and the protein unfolding increased until 6 % NaCl.
Recently, we studied the denaturation of salted muscle protein ex-

tracts by exploiting the change in the autofluorescence of aromatic
amino acids with the development of the protein conformation (Abou El
Karam et al., 2023). The results demonstrated a change in emission
fluorescence with salting from 0.9 % to 1.9 % NaCl but no obvious
relationship of proportionality between salting and change in fluores-
cence could be established. However, a significant variability in the
fluorescence response depending on individuals was observed. The
threshold for salt denaturation of muscle proteins depends on the pro-
portion of fibre type (Egelandsdal et al., 1994; Xiong, 1994) and on the
organization of muscle tissue as a whole (Ruusunen & Puolanne, 2005).
Our previous experiment (Abou El Karam et al., 2023) did not allow
these two factors to be considered to the extent that the analyses were
carried out on ground muscle without the possibility of targeting the
microscopic tissue structure. Therefore, we hypothesise that the change
in fluorescence could be induced by the ratio of muscle fibre types
present in pig samples. The objective of the present study is to investi-
gate the role of the muscle fibre types (metabolic and contractile) on the
fluorescence emission spectra of pork samples prepared with different
levels of salting ranging from 0.9 % to 1.9 % NaCl. A longer-term
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application aims to characterize the evolution of meat during salting in a
fast, non-destructive, and operator-safe manner. This approach aims to
enhance process control, optimize salt content, and reduce variability in
meat product quality.

To perform these measurements, we used Synchrotron deep UV (S-
DUV) fluorescence microspectroscopy. This technique enabled us to
record, on label free thin muscle sections, the intrinsic fluorescence
emission spectra for different individual muscle fibres previously iden-
tified on their subtype by histology (Chagnot, Venien, et al., 2015;
Chagnot, Vénien, et al., 2015). The spectra were acquired in muscle fi-
bres identified on their subtype and in intramuscular connective tissue
before and after the salting process. Multivariate analyses enabled us to
evaluate the effect of salt on the autofluorescence response of different
muscle components.

2. Material and methods

2.1. Animals

The present study was carried out on a subset of 4 pigs identified An1
to An4. The animal subset corresponds to P5, P6, P7 and P9 pigs from a
set of nine animals used in a previous study (Abou El Karam et al., 2023).
The experiment was performed on teres major (TM) muscle from four 6-
month-old, female Pietrain x (Large White x Landrace) pigs whose
average carcass weight was 91.90 ± 7.29 kg (Table 2).

The pigs were slaughtered in a commercial abattoir approved for the
slaughter of animals intended for human consumption and respecting
the rules of respect for animal welfare in accordance with European
regulations (EU 1099/2009, 853/2004 & 2017/625 regulating the hy-
giene rules applicable to foodstuffs of animal origin and to the health
and welfare of animals among others).

Lean meat content (LMC) percentage was determined with a CSB
Image-Meater following European Commission guidelines (European
Commission, 2013) and pH, which reflect the muscle postmortem
metabolism kinetic (Adzitey & Nurul, 2011; Bendall, 1973), was
measured on the semimembranosus muscle using a pH-meter (Sydel,
France) equipped with a combined penetration electrode Xerolyt®
(MettlerToledo, Switzerland) for solid foods.

2.2. Muscle sample processing

At 24 h postmortem, the TM muscle (approximately 150 g) was
extracted from each half carcass and transported for about 4 h in a cooler
at 4 ◦C ± 2 ◦C to the laboratory. About 20 g of each muscle was sampled
and assigned to 0.9 % NaCl (Physiological serum in order to respect the
osmolarity of fresh muscle and identified as C for control samples), 1.3
%, and 1.9 % NaCl respectively. The last two (1.3 % & 1.9 %) contained
0.05 % sodium ascorbate to prevent lipid oxidation and to meet French
professional practices. The amount of brine required to achieve the
desired salt content was calculated based on the mass of each muscle
sample. Each sample was placed with its assigned brine in a vacuum
pouch (PA-PE 20/70, 135 mm × 180 mm) and vacuum-sealed using a
Gastrovac machine (Multivac). The samples were tumbled for 16 h be-
tween 0 and 4 ◦C at 4 rpm. All samples were then stored at 4 ◦C for 48 h
to allow salt diffusion within the muscle tissue (Table 1).

2.3. Determination of salt content in muscle samples

NaCl content was determined by ion chromatography (Mirade et al.,
2020). Briefly, a 0.5 g of sample was ground, homogenised in pure water
and centrifuged at 14000 rpm for 20 min. The sodium content was
determined in the supernatant by ion exchange chromatography (850
Professional IC METROHM, Switzerland, equipped with a Metrosep C4-
silica column grafted with carboxylic groups and a conductometric de-
tector) from a calibration curve.

2.4. Light microscopy (histology and UV microspectroscopy) section
preparation

From each condition, sample cubes of 1 cm were cut according to the
direction of the muscle fibres. The samples were frozen in cooled iso-
pentane (− 160 ◦C) chilled by liquid nitrogen (− 196 ◦C), and stored at
− 80 ◦C until analysis. Thin serial fibre cross-sections (10 μm-thick) were
sliced at − 25 ◦C using a cryomicrotome (Leica CM 1950, Leica Bio-
systems, Nussloch, Germany), and collected on glass slides for histo-
logical stains, and on quartz coverslips (ref. CNO.WIN-30-0.17-UV,
Laser Components, 92,190 Meudon, France) for S-DUV micro-
spectroscopy acquisitions. Sections for histochemical analysis were
stored at 4 ◦C until staining had taken place. Sections for S-DUV
microspectroscopy were stored at − 80 ◦C under vacuum until they were
analysed on the Synchrotron beamline.

2.5. Histochemistry staining

Sections were stained with hematoxylin-eosin-saffron (HES) to
reveal general structure, and with picro-Sirius-red to reveal perimysial
and endomysial collagen. After staining, the slides were mounted with a
synthetic resin (Eukitt, Kindler GmbH & Co, Freiburg, Germany) in
order to protect the sections over time. Observations and image acqui-
sition were performed on an optical transmission microscope coupled to
a digital acquisition kit (Olympus BX61 microscope, Olympus DP 71
digital camera and Cell F software, Olympus France SAS, Rungis,
France).

2.6. Identification of muscle fibre subtypes

The muscle fibre types were delineated by determining actomyosin
ATPase activity after incubating sample sections in acid solution (pH
4.45) according to Guth and Samaha (1969). The staining carried out on
the control muscle samples displayed type I fibres in black revealing
high ATPase activity, type IIA fibres in white revealing a loss of ATPase
activity, and type IIB-IIX fibres in dark grey revealing partial ATPase
activity (Fig. 1). However, the low contrast difference between IIB-IIX
fibres and IIA fibres in some treated samples led us to implement an
immunohistofluorescence labelling technique to highlight muscle fibre
outlines and confirm fibre identification.

This muscle fibre typing technique uses monoclonal antibodies spe-
cific to myosin heavy chain (MyHC) isoforms characteristic of the cell
type according to Chagnot, Venien, et al. (2015). Slow and fast MyHC
were identified using BA-D5 mouse monoclonal antibodies (AGRO-BIO
France). The BA-D5 MyHC antibodies were visualized using an Alexa
Fluor 488 labelled goat anti-mouse IgG secondary antibody (A 11001,
Invitrogen). Type I fibres display relatively higher fluorescence
compared to IIB-IIX fibres which have a lower fluorescence, while type
IIA fibres do not fluoresce (black on the immunohistofluorescence
image). The muscle fibre outline was highlighted using a rabbit anti-
laminin primary polyclonal antibody (L9393 Sigma), and a goat anti-
rabbit IgG Cy3-labelled secondary antibody (111–165-008, Jackson)
where in the resulting images, the laminin is revealed in orange. Myo-
fiber types, identified with both histoenzymology (ATPase staining) and
immunohistochemistry, were then manually localized on the unstained
serial sections prepared for S-DUV microspectroscopy measurements.

Table 1
Detail of the salt treatments applied to the muscle samples.

# Processing NaCl (%) Na ascorbate (%) Tumbling

1 C 0.9 0.00 Yes
2 1.3 % 1.3 0.05 Yes
3 1.9 % 1.9 0.05 Yes
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Fig. 1. Muscle fibre type identification from histology images. Sirius-red staining (a) highlights the muscle fibres in yellow and the intramuscular connective tissue
(IMCT) in red. Muscle fibre types were identified both by acidic pre-incubation ATPase staining (c) and immunohistofluorescence (d) of myosin heavy chains (MyHC)
isoforms. ATPase staining identifies type I, type IIA and types IIB-IIX by black, white and grey colour respectively on control muscle samples. Independently of the salt
content, immunohistofluorescence identified extracellular matrix in orange and muscle fibres in green (d); fibres of type I fluoresce strongly, while IIA fibres fluoresce
moderately; those of IIB-IIX do not emit any fluorescence (black). These data enabled identification of muscle fibre types on label free sections (b) thanks to the
muscle structure and muscle fibre morphology. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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2.7. Deep UV microspectroscopy spectra acquisitions

The UV measurements were performed using the inverted micro-
spectrofluorometer, so-called Polypheme, of the imaging branch of
DISCO beamline at the Synchrotron SOLEIL (Giuliani et al., 2009;
Jamme et al., 2010; Réfrégiers et al., 2012). UV monochromatized light
(at 275 nm) was used to excite label free thin tissue sections, through a
40× ultrafluar immersion objective (N.A 0.65, Gly, Zeiss, Germany).
Fluorescence emission spectra were acquired from 284 to 555 nm and
recorded with 0.5 nm spectral resolution, with a spot size of 2 μm and an
acquisition time of 1 s for each position. Positions of spectra acquisition
spots were selected manually in targeting the IMCT cells and each of the
3 muscle fibre types i.e. I, IIA and IIB-IIX. Note that fibre types IIB and
IIX were binned in the same group because they are not discriminable on
our histological images.

The spectra spots were chosen spaced several μm apart inside each
analysed tissue cell. Furthermore, in the IMCT, the scanned areas were
chosen to be wide enough to integrate the scanning light beam. The
spectrometry bench acquires the spectra by setting the area to be
automatically scanned (cartography mode) or by manually indicating,
on the sample sections, the targeted locations to be analysed. Typically,
about 3 spectra per muscle cell were acquired in10 cells of each of the 3
cell types and IMCT, which led on average to (3 × 10 × 4) 120 spectra
for each of the 12muscle sections given by the 3 NaCl treatments and the
4 animals. This on average, however the acquisition zones were
expanded whenever possible to collect more spectra. This approach
helps account for non-compliant data, often affected by noise or dis-
tortions, and ensures to have enough data for the analysis reliability.

2.8. Spectra and signal pre-processing

Spectral data processing was carried out using software tools
developed in the MATLAB® environment (The MathWorks Inc., MAT-
LAB R2019a [9.6.0], Natick, Massachusetts). Pre-treatment processing
of spectra was performed using homemade MATLAB programs. The
baseline spectrum was set by subtracting the minimum value from the
spectrum amplitude. Removal algorithm of spikes and dead pixels was
based on derivative and spline interpolation. To reduce signal noise,
spectra were smoothed using Savitsky-Golay algorithm. Spectra were
finally normalised using the min-max algorithm. All these pre-
treatments generated no notable deformations or distortions on the
spectra (see Fig. SD1).

2.9. Statistical analysis

Principal component analysis (PCA) was performed to explore and
discriminate samples (in scatter plots) and to identify the wavelength
ranges (in loading plots) that contribute most to sample separation. The
ANOVA was calculated for each wavelength of the spectra and the result
was plotted in what we called anovagram. The power of sample
discrimination of a range of wavelengths was estimated by using the
level of significance given by low p values (< 0.05) associated with high
F values. The anovagram was used here to estimate the significance and
therefore the relevance of sample discrimination at each wavelength and
for a given factor. The anovagram plot displays the Fisher’s F & p values
where in plots only p values < 0.05 are displayed and represented by ‘x’
at the associated wavelength. To refine the ANOVA results, Tukey’s post
hoc test was used to highlight differences between sample groups.
ANOVA & PCA were performed on emission fluorescence spectra to
investigate effects of sample salt processing (n = 3), type of muscle cells
& IMCT (n = 4) and animal (n = 4) factors.

3. Results and discussion

3.1. Carcass traits and muscle pH

Carcass traits i.e. initial pH (pH1), ultimate pH (pHu) and salt levels
are provided in Table 2. There are significant differences in carcass
weight among the animals (81.8–98.8 kg), with An1 and An4 carcasses
being the heaviest and the lightest, respectively.

An3 and An4 show pH1 values below 6.10, reflecting a fast post-
mortem metabolism (Bendall, 1973). This accelerated postmortem
metabolism can be a consequence of high physical activity or animal
stress prior to bleeding (Astruc et al., 2002; Monin et al., 1973; Terlouw
et al., 2021). Unfortunately, we do not have any data on the progress of
the slaughter stages preceding bleeding. Note that the An2 stands out
because of high pH1 & pHu compared to the 3 other animals, which
likely reflects stress and/or intense muscular activity in hours preceding
slaughter (Astruc & Terlouw, 2023).

3.2. Muscle sodium chloride content

NaCl rates measured in brined samples (1.3 % and 1.9 %) revealed
higher variability than in control ones (C) (see SD in Table 2). This salt
content variability is likely due to a heterogeneity in salt distribution
since the structure and lipid composition of muscle tissue impact the salt
diffusion (Lebert & Daudin, 2014). As experimental animals demon-
strated some variability in weight and LMC, it could be assumed that
their carcasses had variations in muscle composition, especially in fat
content, likely to contribute to the salt distribution heterogeneity.

3.3. Histology

A quantification of the teres major fibre type composition assessed
from the ATPase images of the unsalted samples (Fig. 1) gave 30 % of
type I, 26% of type IIA and 44% of IIB-IIX fibres (n= 595muscle fibres).
As expected, immunohistofluorescence confirmed the results of ATPase
staining, thus ensuring the identification of fibre types, and in particular
type IIB-IIX fibres which showmoderate fluorescence while IIA fibres do
not fluoresce (Fig. 1). Looking ATPase staining, the reduced contrast
between IIA fibres and IIB-IIX fibres in some salted samples could be
attributed to decreased ATPase activity, resulting from partial dena-
turation due to a localized increase in ionic strength (Dancker & Has-
selbach, 1971), itself linked to a higher sodium chloride content.

3.4. UV microspectroscopy results

3.4.1. UV microspectroscopy of control samples (C)
Whether the spectra were acquired in connective tissue or muscle

fibres, the mean emission spectra clearly show two main contributions

Table 2
Carcass characteristics, postmortem pH and measurements of salt content in
muscle samples. An1 to An4 correspond to the 4 studied animals. LMC refers to
lean meat content percentage. pH1, pHu: initial and ultimate pH measured
respectively at 45 min and at 24 h postmortem. C, 1.3 % and 1.9 % correspond to
salt level classes. Salt content was measured in muscle samples, using the 850
Professional IC chromatogram, where each measured NaCl value was binned
into its associated NaCl class. From the Tukey post-hoc test, different letters
mean significant differences between NaCl classes for p < 0.01.

Carcass traits NaCl class/content (%)

Animal # Mass (kg) LMC (%) pH1 pHU C 1.3 % 1.9 %

An1 98.8 63.50 6.16 5.68 0.14 1.43 2.05
An2 95.0 63.10 6.45 6.16 0.18 1.30 1.91
An3 92.0 61.60 6.07 5.64 0.18 1.16 2.06
An4 81.8 62.20 5.99 5.65 0.19 1.14 1.79
Average 91.90 62.60 6.17 5.78 0.17a 1.26b 1.95c

SD 7.29 0.86 0.20 0.25 0.02 0.14 0.13
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located at 340 nm and around 395 nm respectively (Fig. 2, a) and a slight
shoulder at 302 nm. This last fluorescence peak at 302 nm is assigned to
tyrosine (Chagnot, Venien, et al., 2015; Jamme et al., 2013).

The emission fluorescence peak at 340 nm can be reasonably
assigned to tryptophan whose fluorescence emission varies from 330 to
360 nm in biological tissues (Jamme et al., 2013) although mostly
observed at 332 nm in skeletal muscle and muscle extracts (Abou El
Karam et al., 2023; Chagnot, Venien, et al., 2015; Sahar et al., 2009).
This red shift in the tryptophan fluorescence peak could be related to a
slightly different muscle composition, since tryptophan fluorescence is
influenced by its molecular environment (Lakowicz, 2006; Valeur &
Berberan-Santos, 2001). A peak at 410 nm (exc. 275 nm) was observed
by Chagnot et al. (2015) which is close to the 395 nm peak found in the
present study; but in a previous study (Abou El Karam et al., 2023) no
peak around this wavelength (395 nm) was observed on the pig teres
major extracts analysed with a laboratory spectrofluorometer equipped
with an internal light source (see Fig SD4). Additional measurements, on
teres major and on other muscle samples, which were performed in our
laboratory and in Synchrotron laboratories as well (results not shown)
showed that this peak around 410 nm only appeared following micro-
spectroscopy measurements. It therefore seems obvious that this peak is
only evidenced by the focused beam provided by microspectroscopy.

In animal tissues, a fluorescence emission at 393 nm is assigned to

pyridoxine. But the maximum emission of pyridoxine is obtained when
excited with both wavelengths 252 and 322 nm (Jamme et al., 2013)
while it is weakly excited under our 275 nm excitation conditions.
Possibly, the tryptophan emission fluorescence (maximum fluorescence
at 340 nm, which is close to 322 nm) could excite pyridoxine which in
turn fluoresces around 393 nm (Fig.2, a). However, this hypothesis is
inconsistent with the highest fluorescence emission observed in intra-
muscular connective tissue compared to muscle fibres (p < 0.01, Fig. 2,
b) and also evidenced by the PCA score plot (Fig. 2, c). Indeed, IMCT is
composed of 90 % collagen which is devoid of tryptophan (Bailey &
Light, 1989). The dityrosine trail is more relevant. Excited at 280 nm
(close to our 275 nm excitation conditions), dityrosine emits at 405 nm
(Duconseille et al., 2018). Dityrosine crosslinks are present both in
collagen (Waykole & Heidemann, 1976) and in other proteins (Curry
et al., 2020; Huggins et al., 1993; Kato et al., 2001; Ushijima et al.,
1984). Therefore, the peak observed at 395 nm both in the muscle fibre
and in the extracellular matrix (IMCT) is likely to come from the
dityrosine autofluorescence. The higher fluorescence emission (around
400 nm) in the extracellular matrix compared to the signal of muscle
fibres (p < 0.01, Fig. 2, a & b) can be explained by an accumulation of
fluorescence emission from dityrosine and other collagen cross-links
which also emit in this wavelength band (Jamme et al., 2013) espe-
cially the pyridinoline and deoxypyridinoline which emits at 395 nm

Fig. 2. Control samples of 4 animals with data of IMCT and 3 fibre types. Normalised mean spectra (a); anovagram plots of the Fisher’s F & p values (b) where only p
values < 0.05 are represented by ‘x’ at the related wavelength (red curve); PCA score plot (c); PCA loadings (d) for the three 1st principal components PC1, PC2 &
PC3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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when excited at 297 nm (Karim & Bouxsein, 2016).
PCA does not separate fibre types from each other except for An2

animal on PC3 (Fig. 2, c). An2 is the only one which displayed a
significantly high ultimate pH (6.16 compared to 5.66, mean pH of the 3
others, Table 2). Surprisingly, in the study of Chagnot, Venien, et al.
(2015) who were able to discriminate the fibre type on rat EDL (extensor
digitorum longus) and soleus muscles using the same approach on the
same Synchrotron beamline, the ultimate pH of rat muscles was also
higher than 6.0. It is possible that the amplitude of pH drop, which af-
fects the physicochemical environment of muscle cells, can modulate
their fluorescence emission. The intensity of fluorescence emission is
influenced by pH variations (Lakowicz, 2006). In our study, pH varia-
tions of about 0.5 units between the extremes are too small to induce too
large changes in fluorescence emission. Additional research with larger
numbers of samples is needed to get a clearer answer to this question.
Tumbling is not responsible for the An1, An3 and An4 non-separation of
fibre types based on autofluorescence spectra analysis as shown by
measurements carried out on An1 samples that gave the same results

with or without sample tumbling (results not shown). The absence of
tumbling effect was also seen in previous results on muscle extracts
(Abou El Karam et al., 2023).

As we have a significant separation of the IMCT compared to the
muscle fibres which the subtypes do not separate well (Fig.2 & Fig. 3),
we considered relevant to remove the IMCT from the analysis as it could
mask a possible fibre subtype effect. By excluding the IMCT data, the
PCA exhibits a separation of individual pigs (see supplementary data
Fig. SD3) as already seen in a previous study (Abou El Karam et al.,
2023) on muscle extracts from the same samples.

3.4.2. Effect of the salting/tumbling process on muscle fluorescence
emission

PCAs and ANOVA analyses, display a strong and significant (p <

0.01) differentiation of IMCT compared to muscle fibres as previously
observed on the unsalted control muscles (Fig. 3, b, d & g).

This difference in fluorescence spectra between muscle fibre types
and IMCT is maintained after salting as shown by the PCA score plot

Fig. 3. Normalised mean spectra of 4 animals, according to NaCl and fibre type factors, are presented in the top graphs (a & b). Anovagrams, resulting from ANOVA
calculations are shown according to NaCl (c) and fibre type (d) factors. The loading plot is presented in the graph ‘e’. The two lower graphs show PCA score plots
coloured according to NaCl (f) and fibre type (g) factors.
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(Fig. 3, g), and particularly confirmed in the 365–455 nm range by the
Fisher’s values (p < 0.01) and PC1 loadings (Fig. 3, d & e).

To refine the effect of salting on the myofibers only, IMCT was
removed from the analyses and the corresponding results are presented
in Fig. 4. The fluorescence intensities at wavelengths of 302, 355 and
395 nm pointed in the loadings graph (Fig. 4, c), were identified as being
predominant in the separation of sample groups. ANOVA highlighted
that control samples are significantly different (p < 0.01, Fig.4, b) from
samples of the two salt concentrations 1.3 % and 1.9 % for the three
tested wavelengths (Table 3).

Salted samples displayed a higher intensity at 302 nm and a lower
intensity at 355 and 395 nm (Table 3) reflecting a blue shift of NaCl
treated samples compared to control ones, as shown by the spectra su-
perposition (Fig. 4, a & Fig. SD5). This blue shift could be a salt conse-
quence on environment of tryptophan buried in the protein structure
(Lakowicz, 2006; Vivian & Callis, 2001).

The PCA analysis shows a partial sample separation according to
NaCl contents (Fig. 4, d) likely due to interindividual animal effect as
highlighted on control samples (see end of section 3.4.1 UV micro-
spectroscopy of control samples) and according to previous results on
pig teres major muscle extracts (Abou El Karam et al., 2023). However,
the fluorescence intensities at 355 and 395 nm of 1.3 % and 1.9 %
samples were significantly (p < 0.01) different although the differences
were very low (0.006 a.u., Table 3). The autofluorescence of the
different fibre types is not affected (p > 0.01) by the salting process
(Fig. SD2, a, b & c). The ANOVA and PCA (Fig. SD2, d, e & f) confirm a
slight but significant individual animal variability as previously evi-
denced on the control samples (Fig. SD3).

The significant interindividual animal variability shown on salt
treated samples (Fig. SD2, a, e & f) and on control ones (Fig. SD3)
encouraged us to carry out analyses using individual animals and
excluding the IMCT data in order to focus on the muscle fibres so that we
could investigate the subtype effect.

On PCA scatter plots for each animal, the autofluorescence spectra

separate the different NaCl concentrations quite well, while fibre types
remained mixed except for the control samples of the An2 (Fig. 5, 2nd

raw, 3rd column), as previously stated (Fig. 2, c).
Overall, the PCAs calculated on the fluorescence spectra did not

reveal any separation of samples according to fibre types. However, they
show a clear distinction of samples according to salt levels for all four
animals, although this separation seems less marked for An3. A detailed
examination of the PCAs of this animal (Fig. 5, 2nd column and 3rd
column) reveals that samples from the 1.3 % and 1.9 % NaCl classes are
clearly differentiated. In contrast, those of class C, associated with type
IIA fibres, demonstrated a significant dispersion and overlap with the
other two classes (NaCl). At this stage, we can only advance a hypothesis
regarding the variability of autofluorescence of IIA fibres, which could
be explained by a genetic characteristic. The predominant emission
bands in the separation of the groups are mostly located in the regions
close to 360 and 400 nm (PC2) and around 400 nm (PC1) for An1 to An4
with a slightly different PC1 pattern for An2. As previously discussed on
the interpretation of unsalted samples, the fluorescence emission from
muscle fibres around 400 nm could be assigned to dityrosine (Curry
et al., 2020; Huggins et al., 1993; Kato et al., 2001; Ushijima et al., 1984)
and pyridoxine (Jamme et al., 2013).

The emission zone going from 400 to 550 nm could be attributed to
NADH which is excited in the deep UV at 260 nm (Dubreil et al., 2023;
Jamme et al., 2013). These variations in spectral fluorescence emission
around and beyond 400 nm were not observed on ground muscle

Fig. 4. Results from data of 4 animals, 3 fibre types and 3 NaCl levels. Normalised mean spectra of NaCl factor (a); anovagram plots of Fisher’s F and p values
according to NaCl factor (b); PCA loadings (c) and score plots coloured according to NaCl factor (d).

Table 3
Normalised fluorescence intensities (mean ± SEM) for the 3 relevant wave-
lengths and for C, 1.3 % and 1.9 % samples. In each column, different letters
indicate significant difference for p < 0.01.

Wavelength 302 nm 355 nm 395 nm

C 0.178 ± 7.46E-04 a 0.666 ± 1.07E-03 a 0.410 ± 1.05E-03 a

1.3 % 0.197 ± 7.05E-04 b 0.639 ± 7.73E-04 b 0.383 ± 1.87E-03 b

1.9 % 0.197 ± 5.41E-04 b 0.645 ± 5.96E-04 c 0.377 ± 1.05E-03 c
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(Fig. SD4) subjected to an identical salting process and analysed with a
laboratory UV spectrometer (Abou El Karam et al., 2023). In this
experiment, the PCA nevertheless made it possible to separate the salt
levels but on the basis of variation in tryptophan autofluorescence. In
the present experiment, the Synchrotron beam light enabled the high-
lighting of a peak of fluorescence emission around 400 nm and varia-
tions of autofluorescence in the 400–550 nm zone which are
predominant in the separation of salt levels. Unfortunately, as in our
previous work on ground meat (Abou El Karam et al., 2023), no simple
proportionality relationship could be established to link variations in
fluorescence emission and salt levels.

4. Conclusion

The study aimed to investigate the effect of salting on the auto-
fluorescence of muscle fibres previously identified according to their

type following a deep UV excitation. To do so, muscle histological sec-
tions were analysed by deep UV fluorescence microspectroscopy at the
SOLEIL Synchrotron. The excitation of the muscle at 275 nm caused an
intense intrinsic fluorescence emission of tryptophan with a maximum
at 340 nm instead of 332 nm (which is mostly observed on muscle tis-
sue). It also caused a fluorescence emission close to 395 nm which could
be attributed to the presence of pyridoxine and/or dityrosine photo-
chemically catalysed under UV excitation. Unlike a previous study on rat
muscle, the fluorescence emission was not dependent on the fibre sub-
type, except for one animal whose ultimate pH was high, regardless of
the salting rate. Generally speaking, the spectrofluorometry analysis on
a sampling of several individuals does not make it possible to discrimi-
nate the salt levels in the muscle as a significant interindividual effect
was observed. On the other hand, salt levels were properly separated on
PCA of individual animals. This result indicates that individual vari-
ability overrides the effect of salting on fluorescence emission. This

Fig. 5. Results from salt treated samples of individual animals. The 1st column presents normalised mean spectra according to NaCl levels. PCA scatter plots, ac-
cording to the NaCl and fibre type factors, using data of 3 NaCl concentrations and the 3 muscle fibre types for each of the 4 animals are in columns 2 and 3
respectively. In column 4, PCA loadings are plotted for the two first components (PC1 & PC2).
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result is nevertheless encouraging because it suggests that by refining
the methodological approach, we can in the future identify the salt level
by a spectrofluorometry measurement. Access to the wavelength con-
tinuum provided by the Synchrotron allowed us to identify the excita-
tion wavelengths that reveal protein denaturation under the effect of
salt. Thus, in the future, laser beams based on these wavelengths of in-
terest could be used in the meat industry to characterize meat during
and after the salting process. However, although separated on the PCAs
of individuals, the fluorescence emission/salt content relationship does
not respond to a simple prediction law, as observed with results previ-
ously obtained on ground muscle. This result leads us to say that the
fluorescence emission of muscle fibres from pig muscle, at least when
tumbled, is barely dependent on their metabolic and contractile type.
However, it seems that the physicochemical characteristics of the mus-
cle, and in particular its amplitude of postmortem pH drop, can modulate
the fluorescence emission response of cell types. Further studies are
necessary to confirm this hypothesis and to better understand the
mechanisms involved.
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