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ARTICLE INFO ABSTRACT

Keywords: Snail slime (SS), a secretion produced by Helix aspersa, is a complex biological matrix rich in macromolecules has
Snail slime gained considerable interest due to its biologically relevant components and potential applications in medicine,
Mucins

cosmetics, and biotechnology. This study focuses on the chemical characterization of SS, comparing stabilized

gl};z;a::g(ﬁg;a:s ctrosco commercial slime with preservatives to a non-stabilized natural, preservative-free variant. Advanced analytical
al eClro: . . . .
FTIR-ATR P Py techniques, such as Attenuated Total Reflection Fourier Transform Infrared Spectroscopy, Nuclear Magnetic

Resonance, Solid-Phase Microextraction Gas Chromatography-Mass Spectrometry, Raman spectroscopy, and
Thermal analysis were employed to identify key metabolites and bioactive compounds. Moreover, quantitative
assays were performed to evaluate the antioxidant, metal chelation and enzyme inhibition activities. Analytical
techniques identified mucins, glycosaminoglycans, antimicrobial peptides, and antioxidants, with variations in
composition influenced by processing methods. Quantitative assays revealed that SS possesses strong antioxidant
properties, significant metal chelation capacity, and inhibitory activity against cholinesterases, tyrosinase,
amylase, and glucosidase. Cellular assays further demonstrated its non-toxic nature and capacity to enhance
dermal fibroblast viability. Furthermore, the stabilized commercially used SS has better composition, stability
and activities compared to non-stabilized SS. Additionally, this is the first direct comparison of stabilized and
non-stabilized SS, using multimethod analytical approach, and correlation of chemical composition with
bioactivity. These findings underscore SS’s complex composition and potential in biomedical and cosmetic ap-
plications, particularly in wound healing, antimicrobial, antioxidants, anti-aging formulations, and enzyme
inhibitory therapies.

Thermal analysis

Abbreviations: SS, snail slime; GC, gas chromatography; MS, mass spectrometry; ICP-AES, inductively coupled plasma-atomic emission spectrometry; FAAS, flame
atomic absorption; ATR, attenuated total reflection; FTIR, fourier transform infrared spectroscopy; NMR, nuclear magnetic resonance spectroscopy; HS-SPME/GC-
MS, headspace solid phase microextraction gas chromatography-mass spectrometry; GMP, good manufacturing practices; TSP, 3-(trimethylsilyl)propionic acid so-
dium salt; LRIs, linear retention indices; DVB/CAR/PDMS, divinylbenzene/carboxen/polydimethylsiloxane; BSTFA, bis(trimethylsilyDtrifluoroacetamide; TIC, total
ion chromatogram; DLATGS, deuterated triglycine sulphate doped with I-alanine; TGA, thermogravimetric analysis; DSC, differential scanning calorimetry; TPC, total
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M. Ciulla et al.
1. Introduction

For the last two decades, researchers have been working on the
beneficial effects of snail slime (SS) (sometimes referred as snail mucus),
obtained from different species of terrestrial and marine gastropods. In
the past, SS extraction was not an easy task, most of the time compro-
mising the animal’s life. Thanks to recent advanced procedures, such as
cruelty-free Muller method explained by Ricci et al. [1], SS extraction is
currently improved while preserving the animal’s health and, at the
same time, guaranteeing a richer final product.

The slime or mucus produced by the snails during their movement or
from the epithelium of the dorsal and lateral foot has garnered signifi-
cant attention thanks to its appreciable properties and potential appli-
cations in several fields, such as medicine, cosmetics, and biotechnology
[2,3]. This viscous secretion, composed of a complex mixture of com-
pounds, plays a crucial role in the snail’s survival and has been the
subject of extensive chemical characterization studies. One of the pri-
mary components of slime is mucin, a high molecular weight glyco-
protein responsible for its viscous and adhesive nature [1]. Mucins are
known to exhibit a diverse range of biological activities, including
adhesion, lubrication, and protection against pathogens and dehydra-
tion [2,4]. Moreover, slime contains various proteins, enzymes, allan-
toin, glycolic acid and bioactive molecules that contribute to its unique
properties [5]. In particular, it has been revealed that mucus is primarily
composed of glycoproteins [6]: galactose, N-acetyl galactosamine, and
N-acetylglucosamine have been identified as the major monosaccharide
components [7]. Various glycosaminoglycans (GAGs), including hyal-
uronic acid, have been identified contributing to the mucus’s rheological
properties [8]. It also contains proline-rich peptides with potential
antimicrobial properties, contributing to the snail’s innate immune de-
fense mechanisms [9].

Mucus obtained from Helix aspersa and Eremina desertorum showed
significant antioxidants, antityrosinase, and anticancer activities against
epithelioid carcinoma (HeLa) [10]. The lipid fraction has been found to
exhibit antimicrobial and antioxidant activities, making it an attractive
candidate for biomedical applications [11]. Lastly, the inorganic com-
ponents, particularly calcium and iron, have been implicated in its
self-healing and adhesive properties leading to the development of ad-
hesives and self-healing materials inspired by the unique composition of
Helix aspersa slime [12].

Chemical analysis of SS has attracted great interest in recent years
due to its potential uses in several sectors. Through various analytical
techniques, several bioactive compounds present in Helix aspersa slime
have been identified. Antimicrobial and antifungal peptides, such as
achasin and helix amides mytimacin-AF, have been isolated and char-
acterized from A. fulica [13,14]. Additionally, chemical analysis let to
identify the presence of antioxidants, including polyphenols and flavo-
noids [15].

Advancements in analytical techniques have facilitated more
comprehensive investigations into the SS chemical composition. Vassi-
lev et al. [16] used MS and NMR to identify over 20 metabolites in the
slime of Helix aspersa, providing insights into its potential biological
functions [16]. Additionally, GC-MS was employed to determine the
nine most abundant chemicals from mucus of Monacha obstructa, Theba
pisana and Eobania vermiculata. Results revealed that hexamethylcyclo-
trisiloxane and methoxy phenyl oxime having molecular weight 222.06
and 151.06, respectively, were the major components found in mucus of
all snail species [17]. In addition, the content of trace elements in
A. fulica slime was determined by ICP-AES and FAAS revealing the
abundance of Ca, Mg, Fe, Zn, Cu, and Co [6,18].

In our previous study we focused on the biological effect of SS on
human gingival fibroblasts finding its capability, on one hand to pro-
mote cell survival and angiogenesis and, on the other hand, to coun-
teract inflammation [1].

Building on our previous findings, the present study aims to further
deepen the chemical and biological characterization of Helix aspersa
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mucus. The main objective is the qualitative and quantitative identifi-
cation of its main bioactive components using cutting-edge techniques,
from FTIR, NMR, HS-SPME/GC-MS, thermal analysis and GC-MS to the
most advanced Raman spectroscopy analysis, able to get data from both
unprocessed and therefore non-destructive and processed samples.

Notably, some of the employed methodologies, such as Raman
spectroscopy and thermal analisys are applied here for the first time to
SS analysis, while others like FTIR-ATR and headspace-SPME/GC-MS
are used in a more detailed and integrated way than in previous litera-
ture. These innovative approaches allow for a high-resolution charac-
terization of mucins, glycosaminoglycans, organic acids, peptides, and
volatile compounds.

In parallel, we performed a comparative analysis between two SS
formulations: natural sample and a stabilized sample. Through a series
of biochemical and biological assays, including antioxidant activity,
radical scavenging, enzyme inhibition, and dermal fibroblast viability,
we assessed how the stabilization process affects slime composition and
functionality. These evaluations are highly relevant in light of the re-
quirements for cosmetic GMP and product shelf-life. Understanding the
effect of preservatives on SS bioactivity is essential to its use as a cruelty-
free, stable, and functional raw material for formulations in cosmetics,
dermatology, wound healing, and tissue regeneration. A schematic
overview of the experimental workflow is presented in Figure 1.

2. Materials and methods
2.1. SS extraction and processing

Live healthy snails H. aspersa, aged 12-15 months, were pre-washed
in running water at room temperature in order to remove the dust and
debris as well as awaken the animal. Washed snails were then trans-
ferred to Muller extractor where they first received an antimicrobial
treatment with ozonated water shower followed by 10 % citric-acid
stimulated slime extraction for 30 minutes each. The extracted slime
(natural and non-stabilized SS) was collected and filtered through 0.2
um filter and mixed with sodium benzoate (0.1 %) and potassium sor-
bate (0.1 %) preservatives to be suitable for the market and other in-
dustrial processing (commercial and stabilized SS). The final products
were stored in the dark at +4 °C to be used within six months.

2.2. Sampling

Samples of SS (with or without the addition of two preservatives)
were kindly provided by Lumacheria Italiana srl. Cherasco, Italy. Sam-
ples were freeze-dried with a Buchi Lyovapor L-200 at -55°C and 0.200
mbar conditions obtaining a solid residue weight of 21.5 mg and 24.8
mg from 1 mL of slime without (non-stabilized) and with preservatives
(stabilized), respectively.

2.3. NMR analysis

After drying 2 mL of SS, the solid residue was solubilized in 700 uL
phosphate buffer/D,0 (200 mM) with 0.3 mM TSP as an internal stan-
dard for metabolite measurement. The resulting solution was placed into
a 5 mm NMR tube and analyzed using a Jeol JNM-ECZ 600R (JEOL Ltd.,
Tokyo-Japan) with a JEOL 5 mm FG/RO DIGITAL AUTOTUNE probe
and at 600.17 MHz proton frequency. To identify metabolites, one-
dimensional 'H and two-dimensional 'H-'H TOCSY, 'H-'3C HSQC,
and 'H-'3C HMBC experiments were performed under the identical
circumstances as previously described [19]. JEOL Delta software
(version 5.3.1) was used to analyze spectra and integrate metabolite
signals. Each sample included five replicates, and quantitative data were
presented as mean value + SD pg/mL of SS.
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2.4. GC-MS analysis

Volatile metabolites were analyzed using a Perkin Elmer Clarus 500
GC system (Waltham, MA-USA) interfaced with an MS and fitted with
FID detector. Separation was achieved on an Agilent VF-1ms capillary
column (60 m x 0.32 mm ID, 1.0 pm DF; nonpolar 100 % dimethylpo-
lysiloxane stationary phase). The oven program was set from 40 to
220°C at a ramp of 6°C/min, with a final hold of 15 min. Helium was
used as carrier gas (1 mL/min, constant flow). Electron ionization was
performed at 70 eV, and spectra were recorded in the 40-500 m/z range.
Compounds were identified by matching mass spectra against the Nist
11 library and by comparing calculated LRIs, obtained using n-alkanes
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(Cg—Cgs), with reference values reported in the Nist Chemistry Web-
Book. Relative abundances of constituents were determined from FID
peak areas (mean of triplicate analyses), without applying correction
factors or internal standards.

2.5. SPME sampling

To determine the volatile content of all slime samples, solid-phase
microextraction (SPME) was performed. The extraction process of vol-
atiles was carried out on a SPME device from Supelco (Bellefonte, PA)
with 1 c¢m fiber coated with 50/30 pm DVB/CAR/PDMS. After reaching
the equilibrium phase, the fiber was exposed to the headspace of the

Snail Slime Collection

Cruelty-Free Extraction
Method (Mller method)

Natural SS
(non-stabilized)

Stabilized SS
(with preservatives)

Freeze Drying & Storage

Chemical
Characterization

FTIR-ATR
NMR
Raman Spectroscopy
SPME-GC/MS

GC-MS (derivatized
samples)

Thermal Analysis
(TGA, DSC)

Biological
Assays

Total Phenolic Content

Antioxidant Assays(DPPH,
ABTS, FRAP, CUPRAC, etc.)

Enzyme Inhibition
(ChE, Tyrosinase, Amylase, Glucosidase)

Cell Viability Evaluation

Comparison & Evaluation

Fig. 1. Schematic representation of the experimental workflow.
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samples maintained at 40°C for 25 min. Finally, the analytes were
thermally desorbed in a splitless GC injector set to 250°C. The applied
operative conditions of gas chromatographic and mass spectrometer
were as reported in the previous section. The analyses were carried out
in duplicate.

2.6. GC-MS Analysis of derivatized samples

For compositional profiling of stabilized and non-stabilized freeze-
dried SS, nearly 0.5 mg of each sample were mixed with 50 uL. BSTFA
and 150 pL pyridine. For 30 min, the mixture was heated at 70°C, and 1
pL of the silylated sample was manually injected into the GC (injector
temperature 270°C, splitless mode). Oven was programmed as follows:
initial 70°C, ramped at 6°C/min to 170°C (hold 1 min), then 8°C/min to
250°C (hold 30 min). Mass spectra were acquired under electron ioni-
zation. Compound identification was performed using the Nist library,
considering both similarity scores and relative contribution to the TIC.
Quantification was based on electronic integration of GC-FID peak areas,
without internal standards or response factor adjustments. All analyses
were performed in duplicate.

2.7. FTIR-ATR analysis

Infrared spectra were collected using a Shimadzu IRAffinity-1S FTIR
spectrophotometer (Shimadzu Italia S.r.l., Milan, Italy) with a sealed,
desiccated interferometer, a DLATGS detector, and a single-reflection
diamond ATR crystal (QATR 10, Shimadzu Italia S.r.l., Milan-Italy).
Measurements were taken within the spectral range of 4000-400 cm™!
by averaging 45 interferograms at a resolution of 4 cm™, applying
Happ-Genzel apodization on lyophilized samples. Data acquisition was
carried out over the spectral range of 4000-400 cm™!, averaging 45
interferograms at a resolution of 4 em ™!, with Happ-Genzel apodization
applied to lyophilized samples. The ATR crystal was thoroughly cleaned
before each measurement, and a new background spectrum was recor-
ded for every sample. Each measurement was performed in triplicate.
Spectral processing and analysis were conducted using LabSolution IR
software (version 2.27, Shimadzu Italia S.r.l., Milan-Italy).

2.8. Raman measurements

Raman spectra were recorded using a high-performance confocal
Raman microscope (XploRA PLUS, HORIBA, Japan) equipped with a
deep-cooled CCD detector. The LabSpec software (version 6.6.1.14,
HORIBA, Japan) was used for data acquisition, optimization, and initial
processing, while further refinements and analyses were conducted with
Origin 8.5. Due to the strong florescence of fresh samples, all the Raman
spectra were recorded on lyophilized samples. The measurements
covered the spectral range of 400-3400 cm™, employing an 1800-line/
mm grating. A single spectrum was obtained from the lyophilized
sample using a 532 nm laser, with an exposure time of 30 seconds and 5
accumulations to minimize the risk of sample overheating.

2.9. Thermal analysis

TGA were performed using the Discovery SDT 650 (TA Instruments,
Waters). To achieve proper sample stabilization, an initial conditioning
isotherm was applied, followed by a heating ramp at a rate of 10°C/min
up to a maximum temperature of 900°C. The measurements were car-
ried out under N5 and air atmospheres to evaluate the thermal behavior
of the materials in controlled environments. Throughout the analysis,
the gas flow rate was maintained at a constant 100 mL/min to ensure
reproducibility and reliability of the results. The data collected were
processed using TRIOS software.

DSC analysis was conducted on the commercial stabilized SS samples
by using a Discovery DSC 25 (TA Instruments, Waters), with TRIOS
Software employed for experimental control, data acquisition, and
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analysis. For the freeze-dried (lyophilized) slime samples, the procedure
involved heating at a rate of 10°C/min, starting from the storage tem-
perature of 4°C reaching setpoints of 20°C, 25°C, 30°C, 35°C, 40°C,
50°C, 70°C, 80°C, 90°C, and 100°C. An isothermal hold of 1 minute was
maintained at each target temperature to ensure complete thermal
equilibration of the sample. The cooling phase was conducted at 10°C/
min, returning the sample to the initial temperature. This temperature
sequence was applied for a single cycle, while extended stability testing
involved 20 cycles up to a maximum temperature of 70°C to avoid po-
tential degradation of the material. For the stabilized slime (liquid)
samples, the protocol followed a similar heating rate of 10°C/min. The
temperature setpoints were 20°C, 25°C, 30°C, and 35°C with an
isothermal hold of 1 minute each. For stability testing, the cycles
extended to 40°C and 50°C. All experiments were replicated thrice to
ensure reliability and reproducibility of the results.

2.10. Assays for total phenolic content

Phenolic  constituents were quantified using modified
Folin—-Ciocalteu protocol [20]. In brief, 0.25 mL of sample were mixed
with 1 mL of diluted Folin—Ciocalteu reagent (1:9, v/v). After 3 min, 1 %
NazCOs (0.75 mL) was introduced, and the mixture was kept for 2 h at
room temperature. The absorbance was recorded at 760 nm, and the
results were calculated according to Eq. 1 and reported as mg GAE/g.

c xV

TPC = @
Where, ¢ = gallic acid concentration (mg/mL), V = sample volume
(mL), m = sample mass (g).

2.11. Determination of antioxidant effects
2.11.1. Radical scavenging abilities

2.11.1.1. DPPH radical scavenging ability. Sample solution was added to
4 mL of a 0.004 % methanol solution of DPPH. The absorbances were
read at 517 nm after a 30 min incubation at room temperature in the
dark. DPPH radical scavenging activity was calculated according to Eq.
2 and expressed as mg TE/g sample [21-23].

Ac x As
— X

Ac 100 (2)

Inhibition activity (%) =
Where, Ac = absorbance of control, As = absorbance of sample.

2.11.1.2. ABTS radical scavenging ability. ABTS* radicals were prepared
by incubating the ABTS (7 mM) with potassium persulfate (2.45 mM) for
12-16 h in the dark. The solution obtained was then diluted with
methanol to get the desired absorbance (0.700 + 0.02) at 734 nm. The
sample was then mixed with 2 mL of this reagent, followed by an in-
cubation for 30 min at 25°C. The absorbance was recorded at 734 nm
and percent inhibition was reported as mg TE/g and measured by using
Eq. 2 [24].

2.11.2. Reducing power assays

2.11.2.1. Cupric ion reducing activity (CUPRAC). Samples were reacted
with CUPRAC reagent (CuCl- 10 mM, neocuproine 7.5 mM, and 1 M
NH.Ac buffer, pH 7.0). After 30 min incubation, absorbance was taken at
450 nm. Activities were calculated according to Eq. 2 and expressed as
mg TE/g [25].

2.11.2.2. Ferric reducing antioxidant power (FRAP). The premixed FRAP
reagent (10 mM TPTZ in 40 mM HCl; 20 mM FeCls, 0.3 M acetate buffer,
pH 3.6 at 1:1:10 v/v/v) was reacted with the sample and allowed to
incubate. After 30 min, the absorbance was determined at 593 nm.
Antioxidant power was expressed as mg TE/g and calculated according
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to Eq. 2 [26].

2.11.2.3. Phosphomolybdenum assay. After the addition of reagent so-
lution (28 mM sodium phosphate, 0.6 M H2SO4, and 4 mM ammonium
molybdate), the samples were set to incubate for 90 mins at 95°C. At 695
nm, absorbance was taken, and Eq. 2 was used to represent antioxidant
activity as mmol TE/g [27].

2.11.3. Metal chelating abilitiy

Chelating ability was tested by mixing the sample with FeCl. (2 mM)
and initiating the reaction with 5mM ferrozine, followed by 10 min
incubation. Absorbance was recorded at 562 nm, and metal chelating
ability as EDTA equivalents (mg EDTAE/g) was measured according to
Eq. 2 [28].

2.12. Enzyme inhibitory assays

2.12.1. Cholinesterase (ChE) inhibitory assays

Samples were incubated with DTNB and either AChE or BChE in
Tris-HCl buffer (pH 8.0) at 25°C for 15 min. Reactions were started with
the addition of ATCI and BTCI, respectively. Absorbance was taken at
405 nm after 10 min, and inhibition activities were expressed as mg
GALAE/g, determined by Eq. 2 [29].

2.12.2. Tyrosinase inhibitory assay

Samples were reacted with tyrosinase and phosphate buffer (pH 6.8)
and allowed to incubate at 25°C for 15 min before initiating the reaction
by adding L-DOPA. After 10 min, the absorbance was taken at 492 nm.
Percent inhibition was measured by Eq. 2 and indicated as mg KAE/g
[301.

2.12.3. a-Amylase inhibitory assay

Samples were pre-incubated for 10 min with a-amylase in phosphate
buffer with 6 M NaCl (pH 6.9) at 37°C. The reaction was started by the
addition of 0.05 % starch solution and allowed to incubate for 10 min at
37°C. The reaction was then stopped with the addition of 1 M-HCI fol-
lowed by iodine-KI reagent. Absorbance was taken at 630 nm. Eq. 2 was
used to measure the percent inhibition and indicated as mmol ACE/g
[311.

2.12.4. a-Glucosidase inhibitory assay

Samples were incubated for 15 min with a-glucosidase in phosphate
buffer (pH 6.8), glutathione and PNPG at 37°C. 0.2 M Na=COs was used
to stop the reaction. Absorbance was taken at 405 nm, and percent in-
hibition was calculated according to Eq. 2, indicated as mmol ACE/g
[321.

2.13. Cell culture and treatments

Normal human dermal fibroblasts (NHDFs), catalog no. c-12302,
purchased from Merck Life Science, (Milan, Italy) were cultured in high-
glucose DMEM, supplemented with 10 % FBS and 1 % penicillin/
streptomycin at 37 °C with 5 % CO,. NHDFs, at passages 6-8, were
seeded at 8000/well/200 uL density in tissue culture treated 96 well
plate for overnight. Next day, cells were treated with different dilutions
of SS 1:40, 1:60, and 1:80 in DMEM, the control was established as
sample receiving two preservatives (sodium benzoate and potassium
sorbate) and stimulating solution (citric acid).

2.14. MTT assay

Cell metabolic activity was measured according to the protocol used
by Ricci et al. [1] with mild alterations using MTT assay (Merck Life
Science, Budapest, Hungary) after 24 and 48 h of NHDFs treatment in
the presence of SS. At the established experimental times (24 and 48 h),
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culture media was removed from each well of 96-well plate and cells
were refed with 100 uL of 10 % MTT reagent (0.5 mg/mL) in DMEM and
incubated for 5 h in the dark at 37 °C. After the said time, MTT reagent
was replaced with 100 uL. DMSO and incubated again for 20 minutes at
37 °C. The absorbance was taken using a synergy HT microplate reader
(BioTek, Winooski, Vermont, USA) at wavelength 540 nm and percent
cell viability was measured by comparing each treatment group with the
control, previously adjusted at 100 %.

2.15. Statistical evaluation

The results of repeated readings were combined and displayed as
mean + SD. The student t-test (a=0.05) was used to compare the sam-
ples. Differences at p < 0.05 were considered significant. The analysis
was performed using the statistical software GraphPad (9.0).

3. Results and discussion
3.1. NMR analysis

NMR metabolomics offers the opportunity to have a view, with a
single experiment, of several metabolites classes present in slime sam-
ples observing potential qualitative and/or quantitative differences as
results of slime production and process. Seven organic acids (acetate,
succinate, citrate, fumarate, formate, sorbate, benzoate), alanine,
betaine, and glucose were identified and quantified in the 'H NMR
spectra, Fig. 2, using information obtained by 'H experiments (signal
chemical shifts, multiplicity, J coupling constants), two-dimensional
experiments (spin correlations), and literature data regarding a previ-
ous NMR-based analysis of Helix aspersa mucus [16]. The list of identi-
fied metabolites is reported in Table 1, together with 'H NMR signals
used for quantification and corresponding quantitative results.

Stabilized and non-stabilized samples were characterized by the
same qualitative metabolite profile, showing differences from a quan-
titative point of view. In particular, citrate was measured as the most
abundant metabolite in both samples, with the highest amount
measured in non-stabilized slime. This metabolite is routinely added
during industrial production to chemically stimulate slime secretion.
Sorbate and benzoate were also measured in high concentrations, with
stabilized slime being characterized by a two-time higher amount of
these metabolites as expected, since these two molecules are used for
their stabilizing properties. Regarding the other detected metabolites,
stabilized slime showed higher concentrations respect with non-
stabilized one, with the only exception of fumarate and alanine,
although with no significative variability.

The obtained results underlined that the processing approach can

l,ﬂl A Ll‘ JU .

Fig. 2. 600.17 MHz 'H NMR spectrum of stabilized SS in 200 mM phosphate
buffer/D,0O containing 0.3 mM TSP.
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Table 1

Metabolites identified in the 'H spectra of SS, together with signal used for
quantification (chemical shift, multiplicity, J coupling constant) and quantita-
tive results expressed as pg/mL of slime (mean value + SD).

Metabolite  'H ppm, multiplicity J Stabilized slime Non-stabilized
[Chen, #42] slime
Acetate 1.92,s 18.00 + 1.38 16.63 + 1.59
Succinate 2.41,s 44.46 £ 1.07* 14.85 + 0.43
Citrate 2.55, d [15.3] 51893.59 + 64198.46 +
4515.05* 2212.68
Fumarate 6.53, s 28.50 + 1.89 51.72 £ 1.22
Formate 8.46, s 11.84 +£1.26 5.41 £ 0.56
Sorbate 5.83, d [15.3] 547.76 + 8.80* 282.44 +18.24
Benzoate 7.88,d [7.1] 1052.05 + 15.38 478.79 £+ 16.98
Alanine 1.48,d [7.2] 7.09 + 0.27 9.25 + 0.40
Betaine 3.27,s 68.07 + 5.67* 25.95 + 0.26
Glucose 4.66, d [8.1] 16.09 + 0.15 6.55 + 0.35

" Significative difference respect to no stabilized slime, (p < 0.05).

strongly affect the chemical profile of SS, thus affecting the potential
properties and application. This behavior has been previously observed
in SS with different molecular weights [16] and raw slime with or
without Au nanoparticles [33].

3.2. SPME-GC/MS analyses

SPME-GC/MS technique allowed the identification and semi-
quantification of 13 components in total belonging to different chemi-
cal classes and listed in Table 2. Organic acids, such as sorbic acid and
benzoic acid were the most abundant in the stabilized and non-stabilized
freeze-dried slime samples and in the latter traces of fatty acids were also
detected. In stabilized slime benzoic acid reached the highest percentage
mean value (69.4 %) followed by 2,4-dimethylbenzaldheyde (17.7 %).
Further, vanillin was found in stabilized (4.8 %) and non-stabilized
(8.4 %) slime. On the other side, non-stabilized slime was character-
ized by benzene as the major component (43.8 %). Relevant amounts of
1,3-dioxolane (16.1 %) and methoxy phenyl oxime (23.2 %) were
detected only in this sample. The obtained results demonstrate how the
treatment of the sample can affect its final composition. Consequently, it
can be asserted that the applied analytical techniques are suitable for
highlighting the effects due to different processes performed on the same
matrix. To the best of our knowledge, this is the first work where an
investigation of the volatile profile of the SS by Headspace-SPME-GC/
MS analysis was performed. The chromatograms are reported in Fig-
ures 10-13 (Supplementary data).

The analysis conducted on the derivatized samples of stabilized and
non-stabilized freeze-dried slime showed the presence of furan deriva-
tive compounds such as 2,5-furandione, 3-methyl- and 2-furoic acid
which were the most representative (Table 3). The chromatograms are
reported in Figures 14 and 15 (Supplementary data).

Table 2
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Table 3
Metabolites identified (percentage mean values + SD) in the stabilized and non-
stabilized freeze-dried SS after derivatization as determined by GC-MS.

Metabolite Stabilized slime Non-stabilized slime

freeze-dried freeze-dried

3-methyl-2,5-furandione 18.8+ 0.14 67.0+ 2.52
sorbic acid 12.3+0.08 tr

2-furoic acid 27.1+ 0.21 19.94+ 0.32
benzoic acid 7.2 12.3
D-lyxose 0.4 0.8

methyl 3-(3,5-di-tert-butyl-4- 343 -

hydroxyphenyl) propionate

-: not detected.

3.3. FT-IR results

IR spectroscopy enables the identification of characteristic molecular
bond vibrations, providing valuable insights and confirmations
regarding the presence of specific chemical structures within the SS [34]
(Fig. 3 and Table 4).

In particular, the peak at 516 cm™! likely corresponds to skeletal
bending modes, which are typically associated with polysaccharides and
other complex carbohydrates. Similarly, the peak at 594 cm™ could be
linked to out-of-plane bending vibrations of the C-H bonds in poly-
saccharides or glycosidic linkages. The 651 cm ™! and 682 cm™! peaks
may be assigned to C-S stretching modes, possibly arising from sulfur-
containing compounds such as cysteine residues in proteins. The peaks
around 798 cm ! and 887 cm™! likely indicate C-C and C-O bending in
polysaccharides, suggesting an important contribution from mucopoly-
saccharides. The peak at 933 cm™! may correspond to C-H rocking in
carbohydrate backbones, while the presence of a peak at 1126 cm™,
assigned to C-O stretching in glycosylated proteins, highlights the
contribute of glycoproteins in the matrix of SS. At 1198 cm ™!, the amide
III band is present, characteristic of protein content, confirming the
secondary structure of proteins, predominantly o-helices. The peak at
1323 cm™! can be linked to symmetric CHz bending and N-H defor-
mation, typical in amino acid side chains and polysaccharides. The
broad peak at 1400 cm™! corresponds to vibrations of sugars and amino
acid chains, while the 1581 cm™! peak is assigned to amide II, which
arises from N-H bending and C-N stretching vibrations in proteins. The
peak at 1700 cm ™! is attributed to C=O stretching, likely influenced by
the citric acid used in the extraction process. However, this peak may
also include contributions from C=0 bonds present in other molecules
containing carboxyl groups, such as amino acids. The 2538 cm ™! peak,
though uncommon, might indicate weak hydrogen-bonded SH groups or
other unknown interactions. Aliphatic C-H stretching vibrations are
evident at 2947 cm ™!, while aromatic C-H stretching at 3078 cm ™ is
indicative of phenyl groups, confirming protein aromatic residues.
Lastly, the broad peak at 3417 em ™! corresponds to O-H stretching,
confirming the presence of hydroxyl groups associated with water,

Metabolites identified (percentage mean values + SD) in all samples of SS as determined by SPME-GC/MS technique.

Metabolite LRI®*P LRI Stabilized freeze-dried slime Non-stabilized freeze-dried slime Stabilized slime Non-stabilized slime
1,3-dioxolane 588 590 - - 16.1+ 1.05
2-methyl-furan 600 605 - - 6.6+ 0.05
Benzene 660 663 - - 43.8+ 2.01
N-ethylformamide 701 706 - - - 1.9+ 0.07
sorbic acid 1050 1056 27.8+ 0.12 24.7+ 0.20 - -
2,4-dimethylbenzaldheyde 1185 1181 - - 17.7+£1.02 -

benzoic acid 1193 1191 72.2+ 1.35 71.9+ 1.28 69.4+ 1.21 -

methoxy phenyl oxime 1305 1301 - - - 23.2+ 1.04
Vanillin 1414 1410 - 4.8+ 0.04 8.4+ 0.08
3,5-di-t-butylphenol 1560 1555 - 8.1+ 0.05 -
tridecanoic acid 1662 1658 0.5+ 0.02 - -

oleic acid 2148 2151 1.0+ 0.03 - -

stearic acid 2182 2187 1.8+ 0.04 - -
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Fig. 3. FT-IR spectrum of stabilized SS in the lyophilized form.

Infrared absorption bands and their corresponding vibrational modes identified

in the sample.

Wavenumber Vibration Type Molecules
(em™)
516 Skeletal bending Polysaccharides, complex
carbohydrates
594 Out-of-plane C-H bending Polysaccharides, glycosidic
linkages
651, 682 C-S stretching Sulfur-containing compounds,
cysteine residues (proteins)
798, 887 C-C and C-O bending Mucopolysaccharides
933 C-H rocking Carbohydrate backbones
1126 C-O stretching Glycosylated proteins,
glycoproteins
1198 Amide III (secondary Proteins (predominantly
structure) a-helices)
1323 Symmetric CH: bending, Amino acids, polysaccharides
N-H deformation
1400 Vibrations of sugars and Sugars, amino acids
amino acid chains
1581 Amide II (N-H bending, Proteins
C-N stretching)
1700 C=O0 stretching Citric acid (from the industrial
process)
2538 Weak hydrogen-bonded SH  Possible thiol-containing
groups or unknown compounds
interactions
2947 Aliphatic C-H stretching Lipids, proteins
3078 Aromatic C-H stretching Phenyl groups (protein aromatic
residues)
3417 O-H stretching Hydroxyl groups (water,

polysaccharides, glycoproteins)

tr: percent mean value <0.1 %.

polysaccharides, and glycoproteins.

3.4. Raman results

The Raman spectrum analysis of SS revealed distinct peaks that
provide valuable insights into its biochemical composition (Fig. 4 and
Table 5).

The characteristic peak at 369 cm™ could correspond to skeletal
modes or lattice vibrations, often seen in polysaccharides or other
complex carbohydrates. The peak at 684 cm™!, attributed to OCN
bending (Amide IV-VII), indicates the presence of protein backbones, a
key structural component of mucin glycoproteins. Notable peaks at 795
em ! and 877 em ™! correspond to C-C or C-O stretching vibrations and
indole ring vibrations, respectively. The former is characteristic of

T T T
1000 1500 3000
Fig. 4. Raman spectrum of stabilized and lyophilized SS. The black line rep-
resents the raw spectrum, the colored lines correspond to the individual

deconvoluted components.
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Table 5
Raman peak assignments for stabilized and lyophilized SS. The table reports the
Raman shift (cm™), the relative assignment and the corresponding species.

Raman Assignment Species

Shift

369 cm ™! lattice vibrations Polysaccharides

684 cm ™! OCN bending Amide IV-VII

795 cm ™! Indole ring vibration Tryptophan

877 cm™! Indole ring vibration Tryptophan

1005 cm ™! Benzene ring breathing Phenylalanine

1092 cm™* C-O stretching Carbohydrates

1157 cm™! Indole ring Tryptophan

1268 cm™'  Amide III Proteins

1390 cm™'  N-C-N Imidazole Histidine

1449 cm™! C-H deformation Alkyl chains

1630 cm ™' Amide I Random coil (Hexamer in crystalline

phase)

1717 em™ C=O0 Stretch. Citric acid and other carboxylic groups

2943 cm™! C-Hgy, aliphatic Fatty acid chains
stretching

2990 cm™! C-Hasym aliphatic Fatty acid chains
stretching

3078 cm™! C-H aromatic stretching Aromatic amino acids

3195 cm ™! N-H stretching Amides (proteins)

B-glycosidic linkages in mucopolysaccharides, while the latter indicates
the presence of tryptophan residues, often involved in protein stability
and interactions. The peak at 1005 cm?, linked to benzene ring
breathing, confirms the presence of phenylalanine, another aromatic
amino acid contributing to protein folding and function. Additionally,
the peak at 1092 cm ™! likely represents C-O stretching, a characteristic
vibration of carbohydrates, further confirming the presence of sugar
moieties in mucins or glycosaminoglycans. The peak at 1157 cm™! is
attributed to indole ring vibrations from tryptophan. The amide III band
at 1268 cm™! and the amide I band at 1630 cm™?, the latter typically
associated with a-helices and random coil structures, further highlight
the dominance of proteinaceous components in the slime. The peak at
1390 cm ™!, corresponding to N-C-N vibrations, while the peak at 1449
em™! could correspond to CHy/CH3 deformation, commonly associated
with lipids or fatty acid chains, which may be present in small amounts,
contributing to the slime’s hydrophobic properties. As confirmed by the
FTIR spectra, the peak at 1717 cm™?, assigned to C=0 stretching, is
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related to the presence of the citric acid used during the extraction
process. The aliphatic symmetric and asymmetric C-H stretching modes
(2943 cm™!, 2990 cm™}, respectively) confirm the presence of hydro-
carbon chains, indicative of lipid components or carbohydrate moieties
within mucopolysaccharides. The aromatic C-H stretching at 3078 cm ™!
might indicate the existence of aromatic amino acid residues like tryp-
tophan, phenylalanine, and tyrosine. Lastly, the broad N-H stretching
peak at 3195 ecm™ highlights the contribution of amides, further sup-
porting the significant role of proteins. Since the samples analyzed were
dried (lyophilized), we did not observe the classical signal of water at
3100-3400 cm ™.

3.5. Thermal analysis

The thermogravimetric analysis of freeze-dried SS gives some insight
into the thermal decomposition behavior of the sample under different
atmospheres (air and nitrogen). The data show distinct differences in
mass loss profiles between the two environments, reflecting the effects
of oxidation in air and pyrolysis in nitrogen [35] (see Fig. 5).

At low temperatures (35-175°C), significant mass losses are observed
in both atmospheres. These initial losses are consistent with the
behavior of volatile and hygroscopic compounds present in the sample
such as cyclic ethers and furans, along with the removal of residual
water. As the temperature increases (300-550°C), the decomposition of
organic acids and aromatic compounds becomes evident. In air, the
oxidation process accelerates the breakdown of compounds such as
benzoic acid and other aromatic derivatives, leading to a significant
mass loss in this range. In nitrogen, the pyrolysis of organic acids and
simpler aromatic compounds occurs, resulting in similar mass losses,
although the decomposition may be less complete compared to air. In
the temperature range of 550-600°C, the decomposition of more stable
compounds such as long-chain carboxylic acids and phenolic derivatives
is observed in both atmospheres. In air, this process is facilitated by
oxidation, while in nitrogen, the decomposition proceeds via pyrolysis.
At higher temperatures (600-800°C), the degradation of lipids and other
complex aromatic compounds is evident. In air, oxidation leads to the
combustion of these compounds, while in nitrogen, the process is slower
and results in the formation of carbonaceous residues. At temperatures
above 800°C, the decomposition continues with the release of more
stable components, including inorganic salts. In air, this is likely related

100
Snail Slime Tga analysis
- Air Atmosphere &
- Nitrogen Atmosphere
g
S
Evaporation of Aromatic Compounds, 50 =
light Carboxylic Acids ) <
compounds Lipids, CorTlplex
and removal of ' . Aromatic
residual water Carboxylic Acids,  Gompounds
Phenolic Derivatives, 25
Organic Acids, Lipids Inorganic
Aromatic Compounds Salts
T v v v T v 0
0 150 300 450 600 750 900
ExoUp Temperature T (°C)

Fig. 5. TGA of freeze-dried SS in air and nitrogen atmospheres. The graph shows the temperature ranges at which different compound families undergo

decomposition.
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to the combustion of residual carbon and the potential release of inor-
ganic salts such as calcium carbonate, which may be present due to the
shell structure of the SS. In nitrogen, non-volatile residues, and inor-
ganic salts may also be released from the sample structure. Overall, in
air, oxidation facilitates the complete decomposition of most organic
compounds, resulting in a low residue. In contrast, in the Ny atmosphere,
pyrolysis leads to the formation of a higher residue due to incomplete
decomposition and the preservation of non-combustible components.
The temperature ranges correspond to the decomposition of volatile
compounds, organic acids, aromatic compounds, and lipids, as well as
the potential release of inorganic salts, highlighting the complex
composition of the SS [36,37].

The DSC analyses could not reveal distinct melting temperatures
(Tm) and crystallization temperatures (Tc) in both SS and lyophilized
SS. However, the structural stability of the samples was assessed across
various thermal conditions [38,39].

A) Snail slime from 4°C to 50°C

E! 1,04

o
2]
L

Heat Flow (Normalized) Q (W/g)
9 o
w o
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For the commercial liquid samples, the analyses conducted up to
50°C showed no significant alterations to the structural integrity of the
samples observed throughout the cycles (see Fig. 6a). These findings
indicate that the liquid formulations maintain their overall stability
within this temperature range. In contrast, the lyophilized samples
exhibited broader thermal stability (see Fig. 6b). Notably, they main-
tained their structural integrity up to 70°C, and a melting peak at
approximately 81°C was observable just after cycling at 90°C and 100°C.
For the sample cycled at 90°C, the enthalpy values (normalized per
weight) for Tm and Tc were comparable (3.8244 J/g and 3.6069 J/g,
respectively), suggesting that the observed structural changes were non-
destructive, likely reflecting a modification of the sample’s internal
structure rather than complete degradation. Conversely, when the
sample was cycled up to 100°C, a more pronounced deviation was noted
between the Tm and Tc enthalpy values, with Tm at 6.1383 J/g and Tc at
4.8116 J/g. This suggests that at higher temperatures significant

-1,0 T T

Exo Up

Snail slime from 4°C to 100°C

b 087

T T T

30 40 50
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Fig. 6. DSC of stabilized a) liquid and b) lyophilized SS.
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changes occurred, due to partial degradation or irreversible structural
modifications.

Further cycling of the lyophilized samples to 100°C revealed that,
although the Tm values remained relatively stable across cycles, the Tc
values varied both in terms of peak shape and enthalpy value. These
variations underline the complex thermal behavior of the lyophilized
formulations and highlight the impact of repeated thermal cycling on
the stability of the samples [40,41].

3.6. Antioxidant results

The discovery of new sources of phenolic compounds has recently
attracted the attention of the cosmetics and pharmaceutical industries.
In this sense, some researchers have focused on the phenolic compounds
in snails’ slime. In this study, we determined the total phenolic content
of a sample of SS. The total phenolic content of the stabilized slime (2.56
mg GAE/g) was higher than that of the non-stabilized slime (1.48 mg
GAE/g) and this may be due to the preservative effects of the stabilizers
over time (Figure 7). In a previous study by Alkhadhrh et al. [42], the
total phenolic content of H. aspersa slime was found to be 150.28 mg of
GAE/g extract. In another study by Aouji et al. [12] total phenolic levels
of H. aspersa snails ranged from 0.16 mg/g of dry matter (in the chlo-
roform extract) to 1.26 mg /g of dry matter (in the ethanol extract).

Antioxidant compounds are key players in protecting against attacks
by free radicals, particularly reactive oxygen species. In this sense, an-
tioxidants are considered as an efficient ingredient for enhancing food
shelf-life and promoting health [43]. Several compounds are used as
antioxidants in food and pharmaceutical products, but most have un-
desirable side effects such as toxicity. In that sense, we need to replace
synthetic ones with natural ones. In this study, the antioxidant activity
of H. aspersa was investigated in various assays including radical inhi-
bition (ABTS and DPPH), reduction (CUPRAC, FRAP and PBD) and
chelation with metal. The results are summarized in Fig. 7. In free
radical scavenging assays, the stabilized sample was active and scav-
enged DPPH (3.14 mg TE/g) and ABTS (0.62 mg TE/g). However, the
non-stabilized sample did not show any effect on the scavenging of ABTS
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and DPPH. In a previous study by Kandeil and Mona [10], the radical
scavenging effects of garden and desert snail’s slime were investigated
by DPPH assay and the desert snail’s slime was more active than garden
snail’s slime. In addition, Alkhadhrh et al. [42] reported that the ICsg
values for DPPH and ABTS scavenging abilities of H. aspersa snail were
20.1 pg/mL and 19.57 pg/mL, respectively. Auoji et al. [12] tested the
antioxidant abilities of the extracts of H. aspersa snails by several assays
and found that the ethanol extract had the highest DPPH scavenging
ability (89.36 %). Reducing ability is an important marker for assessing
antioxidant properties of natural or synthetic samples. For this purpose,
CUPRAC, FRAP and phosphomolybdenum assays were carried out. In all
reducing power assays, the stabilized sample exhibited higher ability
than the non-stabilized sample. A significant reduction of iron in ethanol
extract from H. aspersa snail (ICso: 67.98 pg/mL) has been also reported
by Auoji et al. [12]. Unlike other antioxidant assays, the ability of
non-stabilized snails to chelate metals (5.41 mg EDTAE/g) was greater
than that of the stabilized sample (3.23 mg EDTAE/g). The observed
metal chelating capacity of the non-stabilized sample can be explained
by the high citrate content, which is also known as the active metal
chelator [44,45]. As an insight into the structural ability, the superior
enhanced radical scavenging and reduction capacity of the stabilized
snail may be explained by the presence of benzoic acid and 2,4-dime-
thylbenzaldehyde [46,47]. In a study Szwajgier et al [47], benzoic
acid and 2,4-dimethylbenzaldehyde exhibited moderate DPPH radical
scavenging and ferric reducing abilities. The presence of a hydroxyl
group in the benzoic acid structure may contribute to its radical scav-
enging and reducing properties. For example, Velika and Kron [48]
evaluated fourteen derivatives of benzoic acid for their efficacy against
the superoxide radical, finding that the number and specific position
(para, meta, or ortho) of hydroxyl groups on the benzene ring influenced
their ability to scavenge superoxide. Similarly, Chen et al [46] reported
the number and position of methoxy and carboxylic acid groups in
benzene rings can affect the antioxidant effects of the phenolic constit-
uents. The methyl substituents in 2,4-dimethylbenzaldehyde may also
be effective as hydrogen or electron donors.

TPC =1 DPPH (mg TE/g) =1 ABTS (mg TE/g) =1 CUPRAC (mg TE/g) a1 FRAP (mg TE/g)
39 a 4 20
a
34 = 154
= 24 b
o b
) 24 104 2
(=2
£ 14 b
1+ 5
| | na
0 1 1 0 L L 0 L 1
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Fig. 7. Total phenolic content (TPC) and antioxidant properties of SS. Values are reported as mean =+ SD of three parallel measurements. PBD: Phosphomolybdenum;
TE: Trolox Equivalent; EDTAE: EDTA equivalent; na: not active. Different letters indicate significant differences between the samples (p<0.05).
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3.7. Enzyme inhibition results

The inhibition of key enzymes may be associated with the treatment
of global health problems, including obesity, Alzheimer’s disease, and
diabetes. In this sense, several compounds have been proposed as
enzyme inhibitors of the target enzymes [49]. For example, galantamine
is known to be one of the most widely used inhibitors of acetylcholine
hydrolysis enzyme activity in Alzheimer’s patients [50,51]. Acarbose is
also used as an inhibitor of amylase and glucosidase and is one of the
active ingredients of oral antidiabetic medicinal products [52,53].
Synthetic inhibitors, however, have undesirable side effects in long-term
use. Therefore, safe and efficient sources of enzyme inhibitors should be
replaced by natural inhibitors. In the current study, we examined
enzyme inhibitory properties of snail samples against glucosidase,
cholinesterase, amylase and tyrosinase. The results are summarized in
Fig. 8. Although the tested snail’s slime samples showed similar BChE
inhibitory effects, non-stabilized samples were not active on AChE. In
addition, the tyrosinase inhibition of stabilized SS sample (21.54 mg
KAE/g) was higher than non-stabilized sample (20.85 mg KAE/g).
Similarly, amylase inhibition was observed in the SS samples, whereas
only non-stabilized sample was active for glucosidase. Limited infor-
mation regarding the enzyme inhibitory effects of snail’s slime has been
documented in the literature. In a previous work by Alkhadhrh et al.
[42], the tyrosinase inhibitory action of H. aspersa snail mucus was re-
ported with an ICsg of 35 ug/mL. According to Table 2, the presence of
benzoic acid in stabilized slime can be ascribed to its enzyme inhibiting
characteristics [54-56]. For example, Liu, et al [57] identified benzoic
acid as a strong inhibitor of mushroom tyrosinase, demonstrating a
non-competitive mode of action. In another study conducted by Guan et
[54], benzoic acid and its derivatives were tested for anti-amylase action
and benzoic acid exhibited weak anti-amylase effect with the ICso=
45.25 mM. Additionally, the authors often mentioned that benzene ring
with more hydroxyl groups usually improves the ability of the com-
pounds to inhibit amylase. Budryn et al [58] examined the inhibitory
effects of hydroxybenzoic acid derivatives on cholinesterase and found
that the hydrophobic characteristics of benzene rings may enhance these
inhibitory effects. In addition, the presence of benzoic acid, 2,

E3 AChE (mg GALAE/g) E= BChE (mg GALAE/g)

E3 Amylase (mmol ACAE/Q)
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5-furandione, 3-methyl can interact with enzymes by covalently or
non-covalently modifying functional amino groups (typically lysine
residues) in proteins and enzymes, and thus enzymatic activity can be
inhibited [59]. Thus, the SS samples may serve as an alternate source of
natural enzyme inhibitors in place of synthetic inhibitors.

3.8. Biological evaluation

Considering the growing use of SS in dermatological formulations, its
impact on dermal fibroblasts was determined by MTT assay measuring
the cell metabolic activity and, indirectly, cell viability. NHDFs were
treated with three different concentrations of SS, 1:40, 1:60, and 1:80 up
to 48 h. After 24 h, cells exposed to SS 1:40 and 1:80 dilutions show a
significant increase in cell viability compared to control. After 48 h of
treatment, this trend appears even more pronounced and all the SS di-
lutions (1:40, 1:60, 1:80) lead to record a marked and significant in-
crease in cell metabolic activity with respect to control (Fig. 9).

In our previous study, we tested the SS on human gingival fibroblast
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s = 1:60
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= 1:80
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Fig. 9. MTT test performed on NHDFs treated with different dilutions of SS
(1:40, 1:60, 1:80) for 24 and 48 h. The reported percentage of viable cells is
relative to the control and adjusted at 100 %. Bars show the mean =+ SD versus
control. For 24 h *vs CTRL p<0.05; for 48 h ***vs CTRL p<0.0001.
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Fig. 8. Enzyme inhibition properties of SS. Values are reported as mean + SD of three paralle]l measurements. GALAE: Galantamine equivalent; ACAE: Acarbose
equivalent; KAE: Kojic acid equivalent; na: not active. Different letters indicate significant differences between the samples (p<0.05).
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(HGFs) cells under the same conditions, and a significant increase in cell
viability was observed [1]. Given the emerging application of SS in
cosmetic formulations, this study evaluated its effect on the viability of
the more represented cells of the dermis layer, represented by NHDFs.
The results demonstrated a higher cell viability compared to HGFs, with
a marked increase after 48 hours, suggesting favorable biocompatibility
and cellular acceptance, also confirmed by Deng et al. [60]. Trapella and
his colleagues [5] also confirm that SS is non-toxic and well-tolerated by
skin and significantly increases the fibroblast viability. Our results are
coherent with the previous findings stating that SS is well tolerated by
cells populating connective tissues demonstrating an appreciable capa-
bility to promote cell viability [1].

4. Conclusion

This study highlights a detailed chemical and biological character-
ization of H. aspersa SS, highlighting its bioactive potential. The results
confirm that SS is rich in metabolites with antimicrobial, antioxidant,
and enzyme-inhibitory properties. The presence of key compounds such
as glycoproteins, organic acids, and phenolic derivatives supports its use
in dermatology and pharmaceutical applications. Additionally, the
positive impact of preservatives on SS composition and bioactivity
suggests that processing methods influence its therapeutic properties. By
integrating a multimethod analytical approach with biological assays,
this work establishes a direct correlation between chemical composition
and functional properties, thereby reinforcing the significance of SS as a
versatile natural biomaterial for biomedicine and cosmetics, paving the
way for further studies to optimize its applications in health and mate-
rial sciences.
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