International Journal of

K

Molecular Sciences

Article

Collagen Hydrolysates from Animal By-Products in Topical
Cosmetic Formulations

Pavlina Egner 1#([, Jana Pavlatkova 1'*(, Jana Sedla¥ikova 1, Lucie Matoskova 12, Pavel Mokrejs 2

and Magda Janalikova 3

check for
updates

Academic Editor: Andrzej Slominski

Received: 1 February 2025
Revised: 16 March 2025
Accepted: 17 March 2025
Published: 19 March 2025

Citation: Egner, P,; Pavlatkovd,].;
Sedlatikov4, J.; Matoskovd, L.;
Mokrejs, P.; Janalikova, M. Collagen
Hydrolysates from Animal
By-Products in Topical Cosmetic
Formulations. Int. ]. Mol. Sci. 2025, 26,
2776. https://doi.org/10.3390/
ijms26062776

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Fat, Surfactant and Cosmetics Technology, Faculty of Technology, Tomas Bata University in
Zlin, Vavreckova 5669, 760 01 Zlin, Czech Republic; sedlarikova@utb.cz (J.S.); |_matoskova@utb.cz (L.M.)
Department of Polymer Engineering, Faculty of Technology, Tomas Bata University in Zlin, Vavre¢kova 5669,
760 01 Zlin, Czech Republic; mokrejs@utb.cz

Department of Environmental Protection Engineering, Faculty of Technology, Tomas Bata University in Zlin,
Vavreckova 5669, 760 01 Zlin, Czech Republic; mjanalikova@utb.cz

*  Correspondence: egner@utb.cz (P.E.); pavlackova@utb.cz (J.P.); Tel.: +420-576-031-233 (P.E. & ].P.)

Abstract: The circular economy of animal by-products rich in collagen focuses on converting
collagen into peptides with a defined molecular weight. Collagen hydrolysates prepared
by biotechnological methods from chicken gizzards, deer tendons, and Cyprinus carpio
skeletons can be an alternative source of collagen for cosmetic products that traditionally
use bovine or porcine collagen hydrolysates. Collagen hydrolysates were characterized
by antioxidant activity, surface tension, solution contact angle, and other parameters (dry
weight, ash content, and solution clarity). Furthermore, the vibrational characterization of
functional groups and their molecular weight was performed using the GPC-RID method.
Subsequently, emulsion and gel cosmetic matrices were prepared with 0.5% and 1.5%
collagen hydrolysates. Microbiological stability, organoleptic properties, and viscosity were
investigated. Verification of the biophysical parameters of the topical formulations was
performed in vivo on a group of volunteers by measuring skin hydration and pH and
determining trans-epidermal water loss. Fish collagen hydrolysate was the most suitable
for cosmetic applications in the parameters investigated. Moreover, it also effectively
reduces wrinkles in the periorbital region when used in a gel matrix.

Keywords: animal by-products; collagen hydrolysate; wrinkles; topical formulation;
antimicrobial effect; bioengineering methods

1. Introduction

As a biopolymer, collagen is a sustainable, available, biodegradable material. It
possesses unique functional properties and exceptional biocompatibility, thus rendering
it a raw material for versatile use in various products. The suitability of collagen as a
biomaterial is primarily because it is a natural component of the extracellular matrix [1].
The ever-increasing global demand for collagen in the dental surgery, tissue engineering,
bone grafting, pharmaceuticals, food, and cosmetic industries has been estimated at USD
6.63 billion by 2025, while the global market for marine collagen, for example, is expected to
have an annual growth rate of 7.39% by 2026 [2]. The source of collagen can be categorized
into natural sources of animal or plant origin or through recombinant protein production
systems, including yeasts, bacteria, mammalian cells, insects, plants, and even artificial
fibrils that mimic the properties of collagen [3]. The predominant source of collagen
is from animal sources, such as cattle, pigs, chickens, marine, or freshwater organisms,
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and by-products generated during processing, including skin, hair, feathers, tendons,
shells, fish scales, and bones [4,5]. Waste materials are minimized by recovering them
to create high-value-added products [6,7]. Unfortunately, despite their availability and
low cost, some sources can cause allergies or diseases such as osteogenesis imperfecta [3].
Without the risk of zoonoses such as spongiform encephalopathy (BSE) or foot-and-mouth
disease (FMD), marine collagen appears to be safer [§]. Among non-animal collagens,
there are studies dedicated to the production of recombinant collagens by bacteria such
as Streptococcus pyogenes, Methylobacterium sp., Solibacter usitatus, and Rhodopseudomonas
palustris [8,9], which could be a potential alternative to animal collagens for cosmetic
applications. However, recombinant technologies are associated with high costs, low yields,
and cofactors crucial for the stable formation of biofunctional and bioactive collagens. This
fact again argues in favor of the application of animal collagen in research and clinical
settings [3].

Collagen is the primary structural protein of the vertebrate body’s extracellular matrix,
occurring in various morphologies in different tissues and thus fulfilling multiple biological
functions [10]. The method of its preparation, rather than its source, is the factor that
influences its physicomechanical properties. The helical structure is unique in the world
of animal proteins. Each collagen molecule consists of at least 1000 amino acids and has
an alpha-helical structure, contributing to its remarkable tensile strength, low extensibility,
and high stability [11]. At the molecular level, collagen is characterized by covalent bonds
that bind the atoms within the chains, while weaker intermolecular forces (hydrogen
bonds, dipole-dipole forces, ionic bonds, van der Waals forces) arranged in a triple helical
contribute to the overall structure of the molecule. The primary structure consists of a
repeating sequence of identical amino acids, including glycine, proline, and hydroxyproline.
However, lysine, hydroxylysine, alanine, aspartic acid, glutamic acid, and arginine may
also be present [8]. Collagen is a highly cross-linked material with a high molecular
weight of around 300-400 kDa [12], making it insoluble in water and oils. This property is
problematic for the efficacy of cosmetics and food supplements. To overcome this issue,
collagen is often modified into other forms [13]. During the thermal denaturation of
collagen, weak bonds are broken, but covalent bonds remain intact. The temperature of
thermal denaturation of collagen depends on the water content, the pH of the environmental
medium, and the degree of cross-linking. When heated, the triple helix of the collagen
unwinds, and the chains separate [14]. The denatured mass absorbs the water present
and is called gelatine, whose molecular weight ranges from 15 kDa to 250 kDa [15]. For
cosmetic applications, collagen is typically subjected to chemical or enzymatic hydrolysis
to generate smaller peptides (usually up to 10 kDa) [16]. The peptides that are the shortest
(below 500 Da), unlike native collagen, are well absorbed because they penetrate the
skin easily. Cosmetic products can penetrate the skin directly across the stratum corneum
by two pathways: the intercellular route, which involves diffusion between the lipid
bilayers of the stratum corneum; and the transcellular route, which can be facilitated by
liposomes, hydration, chemical enhancers, or physical methods such as microneedles and
iontophoresis [16]. Water-soluble hydrophilic peptides are much easier to incorporate into
formulation matrices. The hydrolyzed form also has a very low viscosity, and hydrolysis
shifts the isoelectric point (pI) from values around pl = 7.0-8.0 to lower values around
pl =3.7-5.7 [14]. These changes depend precisely on the amino acid sequence according to
the type and conditions of the hydrolysis process [17]. In addition, hydrolyzed collagen
has antioxidant, immunomodulatory, antimicrobial, and anti-ageing properties [12].

Collagen, a key protein in skin firmness and elasticity, makes up 90% of the dermis [4,8].
Nevertheless, its production declines significantly with age—up to 1% per year after
the age of 40. The ageing process is accompanied by the loss of collagen fibers, elastin,
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and hyaluronic acid, which leads to the formation of wrinkles [14]. Research shows that
hydrolyzed collagen (in the molecular weight range of 1 kDa to 10 kDa) is a promising
solution for slowing down this process due to its bioactivity and ability to stimulate
fibroblasts to produce collagen and elastin. This collagen hydrolysate promotes skin
regeneration, improves elasticity, and can positively affect nails and hair [14,16-18].

Based on the above facts, the efforts of the cosmetics industry are aimed at incorporat-
ing collagen biomolecules into the skin structure through cosmetic products or cosmeceu-
ticals. The collagen supramolecule is used in these products as an active and functional
ingredient, mainly to modify the textural properties. The hydrolyzed peptide is tradition-
ally added to cosmetic formulations to moisturize and regenerate the skin. Collagen has an
excellent water-binding capacity, and peptide occlusion reduces transepidermal water loss
(TEWL) and forms a film that protects the skin and hair from potential mechanical damage
or irritation caused by surfactants [3,19]. The highly competitive cosmetic market trend is
to develop multifunctional products with added value. Therefore, collagen supramolecule
is gradually being used in the attractive field of topical anti-aging products to mitigate the
manifestations of extrinsic aging, mainly due to ultraviolet radiation [8]. For cost reasons,
gelatine, a functional form of collagen, is often used as a viscosity regulator/thickener in
cosmetic products [8]. Developing cosmetic products with collagen, as part of a strategy to
control skin aging, focuses on optimizing its effect on the skin. Although collagen is already
widely used, current studies on its effects are limited as patents protect it, and cosmetic
companies use it to develop innovative formulations [20].

This study aimed to hydrolyze collagen from various animal sources enzymatically
and to characterize the obtained hydrolysates. Cosmetic matrices incorporating these
hydrolysates, such as emulsions and gels, were formulated for topical application. The
efficacy of these formulations was evaluated in vivo, and the effect of collagen molecules
in topical carriers was quantified using biophysical parameters of the skin.

2. Results
2.1. Dry Matter and Ash Content

The dry matter and ash content values are shown in Table 1. The determined dry
matter was higher than 90% for all three CH samples, with the highest value for the
fish hydrolysate.

Table 1. Determination of dry matter and ash content of prepared CH solutions.

Collagen Hydrolysate Dry Matter [% w/w] Ash Content [% w/w]
Chicken 92.36 £0.12 8.10 £ 0.05
Deer 92.9 +0.09 0.66 % 0.06
Fish 95.87 £ 0.02 24.89 4 0.09

The ash content indicates the content of inorganic substances extracted from feedstock.
The lowest ash content of 0.66 & 0.06% was found in CH from deer tendon, which refers to
very pure material. On the other hand, the highest ash content of 24.89 £ 0.09% was found
in CH from fish waste.

2.2. Clarity and pH

The clarity values of the CH solutions are noted in Table 2. The highest transmittance
value was measured for deer CH (5.3%). This sample transmitted the most light and had
the highest clarity. Purification further increased its clarity by 1.5%. The fish CH showed
the lowest transmittance (0.9%), which increased by 1% during purification.
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Table 2. Determination of the clarity and pH of CH solutions.

Collagen Hydrolysate Clarity [% w/w] pH
Before Purification After Purification

Chicken 2.8 3.6 6.72

Deer 53 6.8 7.08

Fish 0.9 1.9 5.21

The CH solutions (6.67%) were subjected to pH measurements (Table 2). The deer CH
had the highest pH value. Otherwise, the lowest was found in the fish CH. All pH values
were between 5.0 and 7.5, the natural range of slightly acidic to neutral pH for skin.

2.3. Antioxidant Activity

The antioxidant activity (AA) of CH samples is presented in Table 3. The results
showed that the fish CH at a concentration of 2 mg-mL~! (85.24%) exhibited the highest
AA, while the deer CH (26.12%/10 mg-mL~!) had the lowest AA among all CH samples.
Thus, decreasing AA with increasing CH concentration can be observed. For chicken and
deer CH samples, the AA value dropped steeply to almost 26%, while the fish CH still had
72.02% AA at 10 mg-mLfl, so the decrease was more gradual.

Table 3. Antioxidant activity of prepared CH solutions.

Collagen

Hydrolysate Chicken Deer Fish

Concentration of Antioxidant Activity [%]

CH [mg-mL—1]
2 76.83 65.77 85.24
4 54.56 58.57 81.64
6 49.19 35.45 80.17
8 32.71 29.36 73.53
10 26.42 26.12 72.06

2.4. Gel Permeation Chromatography (GPC)

The average molecular weight Mw and the number average molecular weight Mn
were chosen to describe the molecular weight characteristics of the collagen hydrolysates,
see Table 4. The lowest average molecular weight was found for the fish hydrolysate at
7.5 kDa. The polydispersity index PDI [21] was calculated from the Mw /Mn ratio. The
deer collagen hydrolysate showed the most compact biopolymer molecular structure with
PDI=59.

Table 4. Molecular weight characteristics for collagen hydrolysate, including PDI.

Collagen Hydrolysate M,, ! [g'mol—1] M, 2 [g-mol 1] PDI []
Chicken 95.400 5900 16.2
Deer 169.000 28.500 5.9
Fish 7500 1000 7.9

! Weight—average molecular weight. > Number—average molecular weight.

2.5. Vibrational Characterization of Functional Groups

The measured spectra are given in Figure 1. Typical bands for collagen gelatins or
hydrolysates are denoted by amide A, amide B, and amide I-III with a specific range
of wavenumbers in the IR spectra of the detected samples. The signal of amide A was
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observed at a peak of 3285 cm ! corresponding to the N-H bond, the signal of amide B
for the CH; bond at 28642936 cm ! for the deer collagen hydrolysate sample, and at
2852-2932 cm~! for the fish hydrolysate sample. The presence of other peaks was also
shown, i.e., in the amide I band for all characterized hydrolysates at 1603-1737 cm ™! for
C=0 bond, and in the amide II band at 1370-1570 cm ! peak for -NH, COO-, CH; bonds.
In the lower signal region of the amide Il band, a peak at 1333 cm ™! was observed in the
deer hydrolysate sample. Other signals in the wave number range 1234-1238 cm ™.
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Figure 1. FTIR spectroscopy of collagen hydrolysate (chicken, deer, and fish).

2.6. Surface Tension and Contact Angle

The measured surface tension values are reported in Table 5. The surface ten-
sion values for the CH samples ranged from 37.3 + 0.5 mN-m~! (1.5% fish CH) to
48.8 + 1.9 mN-m~! (0.5% chicken CH). In addition, the fish CH also showed quite low
contact angle value (L-6 = 44.0°), indicating that this sample wets the surface very well.
However, all CH samples in this study had contact angles below 90° indicating that they
all wet skin surface very well (Figure 2).

Table 5. Surface tension and contact angles of CH solutions.

Contact Angle [°]

Collagen Concentration Surface Tensi
Hydrolysate of CH [%] urface Tension o R
y y [mN.m-1] 0 [°] 01 [°]
Chick 0.5 488+ 1.9 38.14+0.1 19.1 + 0.1
lcken 1.5 4714+ 0.7 52.1 4+ 0.1 26.0 + 0.1
b 0.5 413402 55.2 4 0.1 27.6 4+ 0.1
eer 15 452413 53.7 + 0.1 26.9 + 0.1
Fich 0.5 40.1 4+ 1.0 63.0 = 0.1 31.5 4+ 0.1
1 1.5 373+ 0.5 44.0 4+ 0.1 22.0+0.1

Figure 2. Contact angles of 1.5% CH solutions (from left chicken, deer, fish).
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2.7. Microbiological Analysis and Preservative Efficacy

The common microbial contamination was determined by the total viable counts of
aerobic microorganisms and the total viable counts of yeasts and molds. No microbial
growth was observed; thus, the contamination of each sample was lower than 10 CFU-g~ .

The preservative efficacy test with Pseudomonas aeruginosa ATCC27853 was conducted
according to ISO 11930:2019, and the results of CH emulsions are summarized in Table 6.
This method served to evaluate the antimicrobial protection of cosmetic products. Initial
loads of Pseudomonas aeruginosa (approx. 5 LogCFU-g~!) in CH emulsions were gradually
reduced. After 28 days, they were inhibited to less than 1 Log CFU-g~!, which is the
detection limit of the method. However, only deer CH in both concentrations and 1.5% of
fish CH met the criteria for microbiological safety criteria according to ISO 11930:2019 [22].
Other CH emulsions showed an acceptable level of protection, and the microbiological risk
is considered tolerable for low-risk cosmetic products, such as those with an airless pump.

Table 6. Preservative efficacy test of CH emulsions with Pseudomonas aeruginosa (CFU- gfl).

Days
Concentration of CH [%]

0 7 14 28
. 0.5 55x10° 62 x10* 3.3 x 10° <10
Chicken 15 63x10° 81x10* 13x10% <10
Deer 0.5 41x10° 27x10* 1.2 x10° <10
1.5 63 x10° 76x10* 1.1 x10° <10
Fish 0.5 11x10° 14 x10* 6.1x10% <10
1.5 89 x10° 93 x10® 7.0 x 10? <10

In contrast, all CH gel formulations immediately reduced the bacterial load to the
detection limit, indicating inhibition of at least 5 log CFU-g~! P. aeruginosa; thus, all CH gel
formulations met the ISO criteria for microbiological safety.

The control samples (emulsions and gels) without the preservative but with collagen
hydrolysates (chicken, deer, fish) were also tested with the same bacteria Pseudomonas
aeruginosa. The results showed that even after 28 days of storage, P. aeruginosa grew very
well at levels above 6 LogCFU-g~!. This means the preservative system is necessary,
although its efficacy differs in the gels and emulsions.

2.8. In Vivo Efficacy of CH Emulsion and Gel Matrices on Volar Forearm Skin

The effect of CH emulsion and gel matrices applied to the volar forearm skin was quan-
tified using the biophysical parameters of hydration, TEWL, and pH, as shown in Figures 3-5.
The measured values indicate the different potential of the cream and gel formulations.

The improvement in skin hydration occurred after the application of emulsion formu-
lations containing different types of collagen hydrolysates, with the asterisk indicating a
statistically significant (p < 0.05) increase of up to 45% on average in the first three hours
(Figure 3). In contrast to the effect of the gel formulations, skin hydration decreased during
the first three hours, but an increase of up to 14% was observed 24 and 48 h after applica-
tion. Thereafter, the observed hydration efficiency in the last two hours was only about
2-8 c.u. lower for the gel formulations than the emulsion formulations. The values for
0.5% fish collagen in the gel matrix and the 1.5% fish collagen concentration in both the
emulsion and the gel matrix were statistically significant (p < 0.05) when tested against
placebo in this time interval. After treatment with the emulsion matrices, the skin condition
corresponded to a normally hydrated skin condition at all monitored values according to
the instrumented scale; see the description in Section 4.7.3.
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Figure 3. Hydration potential of (a) emulsions and (b) gels (E—emulsion without the addition
of collagen hydrolysate; EDH—emulsion with the addition of deer collagen hydrolysate; ECHH—
emulsion with the addition of chicken collagen hydrolysate; EFH—emulsion with the addition of
fish collagen hydrolysate; G—gel without the addition of collagen hydrolysate; GDH—gel with the
addition of deer collagen hydrolysate; GCHH—gel with the addition of chicken collagen hydrolysate;
GFH—gel with the addition of fish collagen hydrolysate). * indicates statistically significant difference
E or G vs. formulation with addition of collagen hydrolysate.

When the skin of the volar side of the forearm was treated with the prepared samples
of both the emulsion and gel formulations, no TEWL values (Figure 4) were observed
outside the range according to the scale given in Section 4.7.3, which would correspond to a
disruption of the skin barrier, despite pretreatment with 0.5% SDS solution. At the observed
time points, the values for epidermal water loss varied between 8.5 and 11.1 g-m~2-h~!
after application of the emulsions with hydrolysates and between 7.1 and 10.6 g-m~2-h~!
after application of the gels. The improvement of the barrier function fluctuated more
frequently after applying matrices with deer and chicken CH compared to fish hydrolysate
in the time intervals.
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Figure 4. Barrier potential of (a) emulsions and (b) gels (E—emulsion without the addition of collagen
hydrolysate; EDH—emulsion with the addition of deer collagen hydrolysate; ECHH—emulsion
with the addition of chicken collagen hydrolysate; EFH—emulsion with the addition of fish collagen
hydrolysate; G—gel without the addition of collagen hydrolysate; GDH—gel with the addition of
deer collagen hydrolysate; GCHH—gel with the addition of chicken collagen hydrolysate; GFH—gel
with the addition of fish collagen hydrolysate). * indicates statistically significant difference E or G vs.
formulation with addition of collagen hydrolysate.

The effect of the prepared matrices on the skin’s pH value is documented in Figure 5.
The initial acidity of the skin after treatment with SDS solution was between 5.2 and 5.7.
The skin treated with emulsion matrices showed a pH increase of about 0.3 after the first
hour; after treatment with gel formulations, the skin’s pH remained almost unchanged.
In the subsequent time intervals, a decrease in skin pH can be observed, which can be
attributed to applying all matrices with CH in the range of 0.1-0.6 up to the range of
physiological values.
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Figure 5. Skin pH values after application of (a) emulsions and (b) gels (E—emulsion without the
addition of collagen hydrolysate; EDH—emulsion with the addition of deer collagen hydrolysate;
ECHH—emulsion with the addition of chicken collagen hydrolysate; EFH—emulsion with the
addition of fish collagen hydrolysate; G—gel without the addition of collagen hydrolysate; GDH—gel
with the addition of deer collagen hydrolysate; GCHH—gel with the addition of chicken collagen
hydrolysate; GFH—gel with the addition of fish collagen hydrolysate). * indicates statistically
significant difference E or G vs. formulation with addition of collagen hydrolysate.

2.9. In Vivo Efficacy of Fish CH Gel Matrices on Skin of Periorbital Region

The efficacy of the tested products is summarized in Figure 6, along with the dif-
ferences between the changes (T8-T0) in skin hydration, TEWL, pH, and the number of
wrinkles. In the group of volunteers using gel-placebo alone for periorbital care, there was
a statistically significant (p < 0.05) decrease in skin hydration of 13.3%; the application of a
gel containing 0.5% fish hydrolysate decreased skin hydration by 18.7%; and for the higher
concentration of 1.5%, there was a decrease of 11.5%. TEWL was the next parameter moni-
tored to assess skin barrier function, and statistically significant (p < 0.05) changes were
also observed, with a decrease of 4.1-5.6% for skin treated with 0.5% and 1.5% hydrolysate
formulations. Conversely, a 9.7% higher water loss was observed for the placebo. The
acidity of the dermal mantle was within the range corresponding to physiological pH for
the duration of this part of the experiment; the greatest change in skin pH was observed
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for the 1.5% fish hydrolysate formulation; and for both hydrolysate additions, the change
in skin pH was significant (p < 0.05). Fish collagen hydrolysate proved highly effective in
reducing the scanned number of wrinkles.

The results presented in Figure 7 show the quantitative change achieved by applying
the gel matrix with/without hydrolysate to the skin of the periorbital facial region of the
volunteers after eight weeks of use (T8-T0). The graph presents the average percentage
change in the skin microrelief of the right and left periorbital region expressed by the
parameters R1-R5, where R1 > R2 > R3 > R4 > R5. Significant alleviation of the change in
skin roughness was observed with the use of formulations containing 0.5% (R1 by 21.4%,
R2 by 25.5%, and R3 by 26.2%) and 1.5% (R1 by 22.7%, R4 by 13.3% and R5 by 26.1%)
fish hydrolysate.

Number
(a) Hydration (b) TEWL (c) pH (d) of wrinkles
15 ¥
10 F
5 -

N
o
T

Change from Baseline [%]
2

~
o
T

| l . +ml EP@I

*

|
W)
(9]

OPlacebo O05% M15%

Figure 6. Percentage change of skin parameters: (a) hydration, (b) TEWL, (c) pH, and (d) number of
wrinkles expressed as the arithmetic mean of the measured values of the right and the left periorbital
parts of the face between baseline (T0) and the end of the eight weeks interventional period (T8)
for placebo and 0.5% and 1.5% content of fish collagen hydrolysate in the gel matrix. * indicates
significant changes of absolute values for p < 0.05.

(a) R1 (b) R2 (c) R3 (d)R4  (e)RS

Change from Baseline [%]

) R

OPlacebo O00.5% mWM1.5%

Figure 7. Percentage change of skin microrelief with values of roughness parameters: (a) R1, (b) R2,
(c) R3, (d) R4, and (e) R5 expressed as the arithmetic mean of the measured values of the right and the
left periorbital parts of the face between baseline (T0) and the end of the eight weeks interventional
period (T8) for placebo and 0.5% and 1.5% content of fish collagen hydrolysate in the gel matrix.
* indicates significant changes of absolute values for p < 0.05.
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2.10. Organoleptic Properties

The results of the rank order tests are presented in Table 7 as rank sums for the
parameters considered. Gel’s samples G, D, A, B, E, C, and F were evaluated as the best
spreadable. At a significance level of p < 0.01 via the Neményi method, differences were
found between samples AF, DF, and FG, with sample F always selected as the worst
spreadable. For the emulsion formulations, the samples were in the order C, D, E, A, E B,
and G. Further statistically significant differences were found for this parameter between
the pairs BC, CF and DG, with sample C being considered more spreadable than samples
B and F and sample D more spreadable than sample G. Sample G was identified by the
assessors as the most absorbable gel sample, followed by samples A, B, E, D, C, and E.

Table 7. Rank sums for the sensory properties of the ranking test of gels and emulsion samples.

Parameters = Spreadability = Absorbency Odor Color Preference
Formulation Gel/Emulsion Gel/Emulsion Gel/Emulsion Gel/Emulsion Gel/Emulsion

A 34/41 36/32 16/47 12/28 23/33

B 39/66 37/66 50/66 23/66 42/66

C 59/22 50/30 27/26 31/33 38/27

D 33/36 4030 36/31 53/25 30/28

E 40/40 38/39 61/29 52/38 48/38

F 72/57 73/60 60/63 61/48 67/61

G 31/72 34/71 62/55 76/67 60/73

A—sample without the addition of collagen hydrolysate; B—sample with the addition of 0.5% chicken collagen
hydrolysate; C—sample with the addition of 0.5% deer collagen hydrolysate; D—sample with the addition of 0.5%
fish collagen hydrolysate; E—sample with the addition of 1.5% of chicken collagen hydrolysate; F—sample with
the addition of 1.5% deer collagen hydrolysate; G—sample with the addition of 1.5% fish collagen hydrolysate.

The existence of a difference between pairs of gels was determined between samples
BE, AF EF, and FG, of which sample F was identified as less absorbable than samples B,
A, E, and G. Of the emulsion formulations, samples C and D were found to be the most
absorbable, followed in order by samples A, E, F, B, and G. Significant differences were
found between pairs BC, BD, AG, and DG, of which sample B is less spreadable than
samples C and D and sample G is less spreadable than samples A and D.

The order of the gel samples evaluated for the odor was A, C, D, B, E E, and G. A
difference was found between the gel pairs AE, AF, AG, and CG. Sample A was rated as
more pleasant in terms of odour than samples E, F, and G. Sample C was rated as more
pleasant than sample G. For the emulsion formulations, the order of the samples was C, E,
D, A, E G, and B. Sample B was ranked as less pleasant compared to samples C, D, and E.
Sample C was ranked as more pleasant smelling than sample F.

The evaluators ranked the gel samples in order of colour as A, B, C, E, D, F, and G.
Neményi's test revealed significant differences between samples AD, AE, AF, AG, BE, BG,
and CG. Sample A was lighter in colour than samples D, E, F, and G. Sample B was lighter
in colour than samples F and G; and sample C was lighter in colour than sample G. The
emulsion formulations were in the order C, D, A, E, F, B, and G. A difference was found
between pairs AG, BA, BD, and DG. Samples B and G were darker than samples A and D.

Regarding overall user preference, the evaluators ranked the gel formulations samples
A,D,C, B, E, G, and F. A difference was found between samples AF, AG, and DE. Sample
A was preferred by the users over samples F and G. For pair DF, sample D was preferred.
Differences between the emulsion formulations ranked C, D, A, E, F, B, and G were shown
by the pairs BC, BD, AG, DG, and EG. Sample B was less preferred than samples C and D,
and sample G was less preferred than samples A, D, and E.
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3. Discussion

The ash content value of fish skeletons CH was considerably high (24.89 £ 0.09).
This could be mainly due to the origin of the raw material. It was a mixture of waste
tissues, including bones. In a study by Kassem and El-Shemy [23], acid and alkaline
extraction extracted protein hydrolysate from tanned hide waste. The amount of ash was
10.28%. The amount of ash in samples of hydrolysates from chicken gizzards in the study
by Prokopova et al. [24] was determined to be 0.539 £ 0.007% under similar conditions
(Protamex enzyme—~0.15%; extraction temperature—62.5 °C). The difference in values may
be due to the different physiological states of the animal, such as age.

The collagen peptides with the sequence of the repetitive amino acids (especially
hydrophobic glycine and protein) show antioxidant activity. However, some aromatic
amino acids and histidine also play an important role. Nonetheless, the exact mechanism
of antioxidant action is unknown [16].

The results of the present study showed that fish CH had the best AA with increasing
concentrations of CH in water, ranging from 72 to 85%. In the study by Xu et al. [25] the
antioxidant activity of deer tendon collagen hydrolysate solutions was also investigated
using the DPPH method in the concentration range of 0.5 to 7.5 mg-mL~!. The highest
AA was measured in samples treated with ultrasound for 60 min. As the CH concentra-
tion increased, the antioxidant activity increased, ranging from 20 (0.5 mg-mL~') to 70%
(7.5 mg-mL~1!). In the study by Prokopova et al. [26], the antioxidant activity of collagen
hydrolysates from chicken gizzards was investigated with DPPH and ABTS. Solutions of
collagen hydrolysates were measured at concentrations of 2, 4, 6, 8, and 10 mg~mL_1. AA
values ranging from 70 to 77% were determined using the DPPH method. The increase in
AA occurred with increasing concentration of collagen hydrolysate in the solution. Using
the ABTS method, values between 82% and 95% were determined, whereby the increase
was again dependent on the increase in the hydrolysate concentration in the solution. Yu
et al. [27] extracted collagen products from fish skins (perch, grass carp, and tilapia) using
five different methods: dry salt, wet salt, pepsin, acid, and temperature. The antioxidant
activity of 10% hydrolysate solutions in demineralized water was determined using the
DPPH and FRAP methods. The collagen products extracted with dry salt showed the
highest antioxidant activity, with values above 75%.

The polydispersity index PDI was calculated from the Mw /Mn ratio to represent the
degree of order of the system, with monodisperse systems having a PDI of 1. The index
increases with the system’s increasing polydispersity [21]. The distribution of molecular
weights of the collagen hydrolysate samples studied reflects the different sources used to
produce the collagen hydrolysates. The influence of the hydrolysis itself on the splitting
and cleavage of the collagen fibers was also evident. The influence of the raw material,
the hydrolysis reagent, and technological production conditions is evident from the stud-
ies [25,28,29] showing the molecular weight fractions. The width of the molecular weight
distribution and the resulting PDI can be decisive parameters for various applications,
e.g., cosmetics, food, or pharmaceuticals, and for the different administration of bioactive
substances [21].

Fourier transform infrared spectroscopy helps to elucidate changes in the secondary
structure of collagen and gelatin. It is used to study collagen cross-linking, denaturation
processes, thermal self-assembly, and gelatin melting. The FTIR spectra are correlated with
amide groups that influence the secondary structure of the polypeptide and the amino acid
arrangement within the collagen structure. The FTIR spectra showed characteristic peaks
for collagen amides A, B, I-III, which indicate the properties of amino acids; in particular,
amino acids such as proline and hydroxyproline found in collagen [30] exhibited bands cor-
responding to the five main amine groups at various wave numbers. There are differences
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between the samples. Amide A signals were observed only in deer hydrolysate, which
is related to N-H stretching linked via hydrogen bonding, corresponding to the primary
structure of collagen, indicating a higher presence of amino groups. The detected peaks
of amide B in deer and fish hydrolysates are associated with the asymmetric elongation
of -CH2. The amide I-III bands were detected in all hydrolysate samples analyzed by
spectroscopy. Amid I corresponds to the stretching vibrations of C=O bonds associated
with the bending vibrations of N—H and C—N stretching over C—N deformation. Amide II
represents the bending vibration of N—H linked to C—N. Amid III displays a complex com-
bination of x-helices, 8-sheets, and a random coil within the structure of a protein [29,31],
indicating the triple helix structure in the extracted collagen [29,32]. The uncontrolled
hydrolysis process unravels collagen fibers and breaks, which can vary depending on
the type and age of the raw material. The samples, therefore, have different spectra and
correspondingly different molecular weights, which is related to the applications of these
low-molecular-weight products in cosmetics and their ability to penetrate the skin barrier
or form an occlusive film, which positively decreased TEWL. In a study by Chanmangkang
et al. [29], typical peaks (amides A, B, I, II, and III) were identified, almost identical to
the peaks of the tested samples, demonstrating the presence of triple helix collagen fibers.
In study [33], the IR spectra in the wavenumber range 4504000 cm ! were measured to
determine the presence of bonds in collagen hydrolysates obtained by enzymatic extraction
with papain and bromelain from domestic buffalo. The detected spectra of the analyzed
samples correspond to those of the studies mentioned above, except for the peaks typical
of collagen in the same wavenumber bands.

The common microbial contamination was not proved by determining total viable
counts of aerobic microorganisms (TVC) and total viable counts of yeasts and molds (YMC).
Therefore, it can be concluded that the microbial contamination of prepared cosmetic
emulsion and gel formulations was lower than 10 CFU-g~!. However, it was described that
collagen hydrolysate from chicken gizzards can be a source of bacteria, e.g., Brevibacillus
agri, Bacillus flexus, Acinetobacter radioresistens, Acinetobacter baumanii, Enterococcus faecium, or
Staphylococcus hominis [26]. On the other hand, the presence of pathogenic bacteria, such as
Salmonella, Escherichia coli, Pseudomonas aeruginosa, Bacillus cereus, or Listeria monocytogenes,
whose presence is prohibited in food and cosmetic applications by the EU Regulations [34,35],
was not demonstrated. Similarly, the emulsion systems containing collagen hydrolysate
were microbiologically tested for the presence of aerobic bacteria and yeasts [36]. Only very
low counts (less than 2 LogCFU-g~!) of aerobic microorganisms were found, while the
presence of yeasts and molds were not detected.

The preservation efficacy test was performed to evaluate the preservation of cosmetic
emulsion and gel formulations. The whole inoculum P. aeruginosa was inhibited by CH gel
formulations to less than 1 LogCFU-g 1. On the other hand, P. aeruginosa inoculum survived
in CH emulsion formulations. However, all bacteria were gradually reduced to less than
1 LogCFU-g~! during 28 days. Both emulsion and gel formulations contained the same
concentrations of animal collagen hydrolysate, but their performance in the ISO 11930 test
differed. While gels consistently achieved the required >3 Log reduction, emulsions (0.5%
and 1.5% chicken CH samples and 0.5% fish CH sample) failed on day 14 but met the
threshold on day 28. This could be due to interactions of the preservative with the oil
phase in emulsions, temporarily reducing the antimicrobial efficacy. Similarly, a prolonged
antimicrobial effect has been observed with 14% ethanol [37]. It is also more likely that
the preservative is more unevenly distributed in emulsions than in gels. In addition, the
gel’s viscosity may limit bacteria’s mobility, improving preservation. Although the delayed
reduction in emulsions is expected, its compliance with the safety requirements of the final
product must be carefully assessed.
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The inner side of the volar forearm and the periorbital area were selected to test the
effect of collagen hydrolysates on biophysical parameters and skin microrelief. In both
areas, the efficacy of cosmetic matrices is most frequently tested on the skin. Regulation
(EC) No 1223/2009 of the European Parliament and of the Council [35] classifies cosmetics,
particularly for the eye area, as a cosmetic product to be specifically monitored. Cosmetic
care in this area must be carried out in the knowledge that it is close to the boundary
between the external covering of the body and its internal environment. In addition, the
periorbital area is an important part of the face from a cosmetic point of view, as it shapes
the perception of age and beauty. The skin around the eyes has fewer sweat and sebaceous
glands and is thinner, with a higher density of blood and lymphatic vessels. Skin care in
this area should consider age and gender, skin type, skin turgor, skin pigmentation, degree
of dehydration, and the condition of the eyelids [38]. A key feature of this area is periorbital
wrinkles, one of the first typical aging skin changes [39]. Periorbital rejuvenation aims to
restore the appearance and minimize and soften wrinkles. It is recommended to use more
nourishing products when growing older to treat fine lines and firm the skin and later to
contour firmness and care for deep wrinkles [40]. Periorbital skin rejuvenation with topical
products can help to improve the overall appearance. Compared to creams, gels represent
a suitable non-greasy vehicle for accessible areas with easy application. Therefore, the gel
was chosen for the test performed in the periorbital area [41]. This vehicle was preferred
for its simple composition without any unnecessary ingredients. There is only one active
ingredient, i.e., collagen hydrolysate, compared to the emulsion formulation. The use of
gel formulations was based on the previous successful work of the authors [42] describing
the effect of a gel matrix containing 1% chicken gizzard hydrolysate.

Although the emulsion formulation was more effective in terms of hydration pa-
rameters in in vivo tests on the volar forearm during a 48-h period, the gel matrix was
chosen for the eye area, which is more recommended for the sensitive eye area and from
a dermatological point of view than the emulsion matrix [43]. From a cosmetic science
perspective, fish collagen was chosen for validation as it proved to be the most suitable
for parameters such as lowest molecular weight, highest antioxidant activity, and TEWL.
Another reason for choosing the gel base was the possibility of comparison with the results
of a study conducted by our research team [42], which described the effect of a gel matrix
containing 1% chicken gizzard hydrolysate.

Gel matrices containing a film-forming carbomer and the addition of collagen hy-
drolysate enhance the film-forming properties [44]. Film-forming agents probably caused
a decrease in hydration of the volar forearm skin during the first three hours. Neverthe-
less, the gel film can positively affect skin moisture. A decrease was also observed in the
periorbital region. However, despite the decrease in corneometric values (see Figures 3a,b),
it must be pointed out that the skin condition corresponded to a normal hydration level,
i.e., above 45 c.u. [45]. In the aforementioned study by Prokopova [42], hydration values
corresponding to normal skin hydration status were measured in the periorbital region of
10 volunteers, but with an increase of up to 12% after 8 weeks of application.

The TEWL parameter quantified the status of the skin barrier. The stratum corneum
represents the core layer that regulates the passive diffusion of water from the deeper
layers of the epidermis, which are very well-hydrated. The level of water flux through
each structural layer decreases towards the skin surface. The film-forming properties
of the gel matrix and collagen hydrolysate described in the study [20], together with a
healthy stratum corneum, prevented the evaporation of epidermal water. The formation
of a surface film on the inner side of the volar forearm and the periorbital region treated
with formulations containing 0.5 and 1.5%, mainly fish CH, contributed to the reduction in
monitored TEWL values. Placebo formulations did not reduce TEWL of the periorbital area.
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Still, they monitored values of this parameter were in the range of 15-25 g-nf2 -h~1 for all
formulations tested, indicating a healthy, normally functioning skin barrier. In study [46],
presenting the results of hyaluronic acid, glycerol, and Centella Asiatica on the volar surface
of the forearm, a reduction in TEWL values of 52% at 1 h, 32% at 8 h, and 48% at 24 h after
application of the formulation is reported. Topical application of some natural ingredients
can restore or improve the epidermal permeability barrier relatively quickly and thus
reduce TEWL in intact skin, which proves to be very suitable for treating easily vulnerable
areas [47].

The acidity of the skin barrier plays a very important role in the healthy functioning
of the skin barrier and microbial protection. When measuring the changes after application
of the prepared hydrolysate formulations in the skin of the volar side of the forearm, the
values were in the range of pH 5.2-5.7 and in the periorbital area pH 4.5-5.5, corresponding
to physiological values [48]. Thus, there was no adverse effect of the prepared formulations.
A similar effect was observed in studies [49,50] using natural ingredients such as sea sponge
extract, honey, beeswax, royal jelly, and propolis.

Lu et al. [51], who investigated the efficacy of blue shark (Prionace glauca) cartilage
collagen, mention a decrease in wrinkles. A test evaluated the skin’s properties before
and after applying a gel with a concentration of 0.125-5.0% added lyophilized hydrolyzed
shark cartilage. The same results were obtained in the previously discussed study [42].

Skin surface roughness is an important indicator of healthy, well-moisturized skin
with a soft, isotropic texture—an objective of modern dermocosmetics. A visual assessment
of the skin condition is only possible in the primary lines. Changes in skin topography are
influenced by many internal and external factors, including anatomical location, regional
differences, the influence of environmental factors or UV radiation, and changes caused
by the body’s own aging process. With age, the primary lines of skin relief deepen, and
the number of secondary lines decreases, increasing anisotropy [52]. The results presented
here demonstrate the effect of the gel matrix with 0.5 and 1.5% fish CH on the reduction
of wrinkle depth compared to placebo as well as R1-R5 roughness values at time TO
compared to values at time T8 in the range of 3.0-26.2%. The reducing effect of a gel
matrix with the addition of hydrolysate from chicken gizzards on the texture of the skin
around the eyes is also described in [42], where the reduction in roughness parameters was
in the range of 34—43%. UV radiation is a major environmental factor that significantly
impacts skin conditions, primarily through photoaging mechanisms involving complex
neuroimmune and neuroendocrine pathways [53]. The skin’s response to environmental
stressors is mediated by the production of various signaling molecules, which play a crucial
role in maintaining skin structure and homeostasis [54]. While the beneficial effects of
collagen hydrolysates on skin texture improvement have been well-documented in this
study; it is possible that in addition to directly affecting skin texture, these substances may
indirectly modulate the neuroendocrine balance and thus contribute to protection against
environmental stressors. While UV radiation is a major environmental factor in photoaging,
collagen hydrolysates may not only enhance collagen synthesis to improve skin texture.
Still, they could also potentially support the skin’s natural defenses against UV-induced
damage. This could be through the modulation of the skin’s neuroendocrine pathways,
which play a critical role in responding to and protecting against environmental stressors.
A variety of other anti-aging studies have been conducted with topical formulations
containing active ingredients, such as 5% arginine or peptides, with different application
times in the periorbital area, and these have shown positive changes in the reduction of
wrinkle relief [55-57]. Similarly interesting results were obtained with oral supplementation
with collagen peptides [58] or cocoa flavonols [59].
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Given the promising results, further studies are needed to verify the benefits of topical
application of natural ingredients and their combinations, particularly in clinical settings
involving both intact and compromised skin barriers in the periorbital area.

4. Materials and Methods
4.1. Preparation of Collagen Hydrolysates

The following raw materials were used for the preparation of collagen hydrolysates:
chicken gizzards (Raciola Ltd., Uhersky Brod, Czech Republic), deer tendons (Venison CZ
Ltd., Miskovice, Czech Republic), and fish skeleton (Tovacov Fisheries, Tovatov, Czech
Republic). Collagen hydrolysates were subsequently prepared from the above raw materi-
als using the below procedure [42]. The preparation of collagen hydrolysate consisted of
two steps: (a) preparation of pure collagen; (b) extraction of hydrolysate. For hydrolysate
preparation from fish skeletons, pure collagen extraction was supplemented by a demineral-
ization procedure [42]. Chicken gizzards and deer tendons were ground and homogenized
into 3 mm particles (SPAR Mixer SP-100 AD-B (Gastrotip, Hradec Krélové, Czech Repub-
lic), then washed thoroughly in water. The collagen hydrolysate was prepared according
to optimized conditions previously published [60]. The organic matter (chicken gizzards
and deer tendons) were treated in 0.2 M NaCl (Verkon, Praha, Czech Republic) in a ratio
of 1:6 and 0.03 M NaOH (Verkon, Praha, Czech Republic) in a ratio of 1:6 for 2 h and 24 h,
respectively, and then dried at 36.0 = 0.2 °C for 34 to 36 h (VENTICELL 2001, Miinchen,
Germany) They were further thoroughly degreased with petroleum ether (Verkon, Praha,
Czech Republic) and ethanol (Penta, Praha, Czech Republic) (1:1) in a ratio of 1:9 (100 g
gizzards or tendons and 900 mL solvent mixture) for 48 h.

The gelatin preparation from fish skeletons was performed according to optimized
conditions published by Gal et al. [5]. Separation of inorganic matter in fish skeletons was
performed by mixing raw material (gelatin from fish skeletons) in a ratio of 1:10 with HCl
(concentration of HCl was 1 wt%) and demineralized with gentle shaking on HS 501 (IKA,
Staufen, Germany) at temperature 22.0 & 1 °C for 48 h; after 24 h, the acid was replaced
with new acid. After filtration, the demineralized collagen was washed thoroughly with
cold water and dried in VENTICELL 2001 (MMM Medcenter, Miinchen, Germany) for 24 h
at35+1°C.

Collagen hydrolysates were extracted from the dried and defatted tissues (chicken,
deer, or fish skeletons) by treatment of the raw material with Protamex® (Novozymes,
Copenhagen, Denmark). In the first phase, the tissue was mixed with water in a ratio of
1:10 (100 g gizzards or deer tendons and 1000 mL water), and after 20 min, the pH was
adjusted to 6.3 & 0.2 by adding 0.2 M HCl and using a solution of 0.03 or 0.06 NaOH
(Verkon, Praha, Czech Republic). Subsequently, as the pH stabilized, 0.6% of Protamex®
enzyme was added, and the mixture was shaken intensively for 30 h at room temperature
(HS 501, IKA; Staufen, Germany). In the second phase, the mixture was mixed with water
in a ratio of 1:8 (100 g of gizzards, tendons or skeletons, and 800 mL of distilled water),
and the tissue was heated to 66 °C (dt/dt = 10 °C/min) and extracted at this temperature
for 2 h. In the last step, the mixture was filtered several times through PA fabric, and
the resulting hydrolysate solution was dried in a thin film at 45.0 & 0.2 °C for 24 to 36 h
(VENTICELL 200I, Miinchen, Germany). All dried hydrolysate films were ground in a
mortar (ETA 0010, Praha, Czech Republic) and homogenized to a very fine powder of size
particles 0.1-0.2 mm.



Int. J. Mol. Sci. 2025, 26, 2776

17 of 26

4.2. Characterisation of Collagen Hydrolysates
4.2.1. Determination of Dry Matter Content and Ash Content

The gravimetric method determined the dry matter content by weighing approxi-
mately 1.3 g of CH (chicken gizzard hydrolysate, deer tendon hydrolysate, and fish skeletal
hydrolysate) into two dishes twice. The samples were placed in a ULP 400 oven (Memmert,
Schwabach, Germany) at 103 = 1 °C for 12 h. They were then placed in a desiccator to
cool and weighed on an ALS 250-4A balance (Kern, Balingen, Germany). The dry matter
content was calculated according to the Equation (1):

S = —.100 (1)
mo
where:

m—weight of the sample after drying [g];

mo—weight of the sample before drying [g].

The ash content was determined by weighing approximately 1.3 g of each CH sample
(hydrolysate from chicken gizzard, deer tendon, and fish skeleton) in duplicate in annealing
crucibles. The samples were first burned over a charcoal burner and then placed in an
L9/11 muffle furnace (Thermo Fisher Scientific, Waltham, MA, USA) for 4 h and annealed
at 650 = 1 °C. After cooling, the crucibles were weighed, and the ash content was calculated
as follows (1):

P= 2100 )
mg

where:

m—weight of the sample after annealing [g];
mo—weight of the sample before annealing [g].

4.2.2. Determination of Clarity and pH

The purity and pH of CH were determined for its 6.67% solution in demineralized
water [61]. The prepared solutions were placed in cuvettes in a Helios spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and their transmittance at 640 nm—i.e.,
the amount of light passing through the sample—was measured. The purity of the CH
solutions was also determined after purification. For this purpose, the individual CHs
were boiled in distilled water and then dried. A pH meter PH60S-Z (Apera Instruments,
Columbus, OH, USA) was used to measure the pH of the (6.67%) CH solutions. The
clarity of a 6.67% gelatin solution was determined at 45 °C by measuring the percent
transmittance through a 1 cm cuvette at 640 nm. Calibration with distilled water was
performed before measurement.

4.2.3. Determination of Antioxidant Activity

Antioxidant activity (AA) was measured by the DPPH method, which uses
2,2-diphenyl-1-picrylhydrazyl (MedChem Express, Monmouth Junction, NJ, USA) as an
antioxidant reagent. A concentration series of five solutions of each CH species (chicken
gizzard hydrolysate, deer tendon hydrolysate, and fish skeletal hydrolysate) in demineral-
ized water in the 2-10 mg-mL~! was prepared. In addition, one liter of a 0.2 mM solution
of DPPH in 96% ethanol was prepared. The absorbance of the DPPH solution was then
measured at 517 nm using a Helios spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). For the determination of AA alone, it was necessary to prepare CH solutions
from each concentration series by adding 96% ethanol and 0.2 mM DPPH solution (1 mL of
CH solution at 2, 4, 6, 8, or 10 mgomL_1 and 1 mL of 96% ethanol and 0.25 mL of 0.2 mM
DPPH solution). The prepared solutions were then kept in the dark for 30 min. Their
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absorbance was then measured at a wavelength of 517 nm. From the resulting absorbance
values, the antioxidant activity was calculated as follows (3):

A —A
AA = 2DPPH = 7vz 44 ©)
ApppH
where:
Apppyg—absorbance of 0.2 mM DPPH solution in ethanol;
Ay,—absorbance of the sample in ethanol and DPPH solution after 30 min.

4.2.4. FTIR Analysis

The functional groups of hydrolysates were determined by Fourier transform infrared
(FTIR) spectroscopy using the Bruker ALPHA instrument (Bruker GmbH, Vienna, Austria),
as described by Prokopova et al. [26]. The measurements were performed using the ATR
method, with the platinum crystal always oriented on the side facing the lamp during
photo exposure. Only the background without a gelatin sample was used as a control.
Spectra ranging from 400 to 4000 cm~! were collected for 32 running scans.

4.2.5. Molecular Weight Distribution

The molecular weight distribution of gelatin samples was determined by gel perme-
ation chromatography with refractometric detection (GPC-RID). The analytical method
consisted of weighing a 2.00 = 0.01 mg powder sample and dissolving it in 1 mL of
0.1 mol/L phosphate buffer in a sealed vial at 20.0 &= 2.0 °C for 4 h. A total of 100 puL of the
sample was injected into the analytical apparatus of a Waters HPLC Breeze 2414 differential
refractometer (Waters, Milford, MA, USA) with OHpak SB-806M HQ column (300 x 8 mm,
13 um) + OHpak SB-804 HQ. The measurement process was carried out at 40.0 + 1.0 °C
and the flow rate of the solution was 1 mL/min. The system was calibrated using pullulan
standards in the 667-344,000 Da range.

4.3. Surface Tension and Contact Angle Determination

The surface tension of the samples (demineralized water and 0.5 and 1.5% CH solutions
in water) was measured on an EasyDyne K20 tensiometer (Krtiss, Hamburg, Germany)
according to the Wilhelmy method. Each sample was measured three times.

The contact angle measurements were carried out with a Drop Angle Meter DM
300 (Courage and Khazaka Electronics, Cologne, Germany), with which cosmetic formu-
lations can be measured directly on the test person’s skin. The samples for the contact
angle measurements of 40 puL consisted of solutions (0.5 and 1.5%) of individual collagen
hydrolysates (hydrolysate from chicken gizzards, deer tendons, and fish skeletons) in water.
The measurements were carried out in triplicate for each sample.

4.4. Preparation of Formulations with Collagen Hydrolysate

The emulsion matrix was made by weighing the raw materials from the aqueous and
oil phase (Table 8) into a beaker, which was then heated in a water bath to approximately
60 °C. The aqueous phase was stirred into the oil phase using a Heidolph RZR 2020 homog-
enizer (IKA, Staufen, Germany) at 2000 rpm for about 10 min, i.e., until the entire mixture
was cooled. The pH of the prepared emulsion was always about 5.5-6.0 = 0.1 (5 wt%
aqueous NaOH; Penta, Praha, Czech Republic). A reference emulsion without any collagen
hydrolysate was prepared using the same procedure.
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Table 8. Characteristics of model emulsion formulations (E, G, EH, and GH).

Base Emulsion Matrix (E)

Ingredients (INCI ?) [wt%] Function Supplier
Aqua Ad 100 Solvent TBU in Zlin, Zlin, Czech Republic
. Regenerating/ Kosmetické suroviny Ltd., Praha
A h g g Y ’ 7
qneotis phase Aloe Barbadensis Extract 2 Revitalizing /Moisturizing Czech Republic
. Kosmetické suroviny Ltd., Praha,
Glycerin 4 Humectant Czech Republic
Methylparaben 0.2 Preservative Sigma-Aldrich (St. Louis, MO, USA)
Propylparaben 0.1 Preservative Sigma-Aldrich (St. Louis, MO, USA)
Prunus Amygdalus Dulcis 10 Emollient/Moisturizing/ Libor Baranek, Bojkovice,
Oil Skin Conditioning Czech Republic
Butyrospermum . . Kosmetické suroviny Ltd., Praha,
Parkii Butter 4 Skin conditioning Czech Republic
Cera Alba 4 Emollient/Emulsifier Kosmetické suroviny L.td" Praha,
Czech Republic
Theobrgmud %actc;o (Cocoa) 5 Emollient,/ Protective Kerfoo{’cJ G.rogpkNogthallerton,
Oil phase _ oeed Butter nited Kingdom
Ricinus Communis 5 Solvent/Emollient Mita a Harasta, Blansko,
Seed Oil ove ote Czech Republic
Olivoil Avenate
Emulsifier® (Aqua,
Glyceryl Oleate, Cetearyl o . Kosmetické suroviny Ltd., Praha,
Alcohol, Glyceryl Stearate, 12 Emulsifier/Emollient Czech Republic
Potassium Olivoyl
Hydrolysed Oat Protein)
Gel matrix (G)
. Mita a Harasta, Blansko,
Carbomer 0.6 Gel Forming Agent Czech Republic
Methylparaben 0.2 Preservative Sigma-Aldrich (St. Louis, MO, USA)
Propylparaben 0.1 Preservative Sigma-Aldrich (St. Louis, MO, USA)
Aqua Ad 100 Solvent TBU in Zlin, Zlin, Czech Republic
Sodium Hydroxide gs Ad]ustm ent of pH/ Penta, Praha, Czech Republic
Viscosity
Addition of Collagen
Hydrolysate (H)
Collagen hydrolysate 0.5/15 - TBU in Zlin, Zlin, Czech Republic

2 INCI (International Nomenclature of Cosmetic Ingredients).

The gel formulations (Table 8) were composed of the carbomer (Mica a Harasta,
Blansko, Czech Republic), aqua, sodium hydroxide (Penta, Praha, Czech Republic), and any
collagen hydrolysate (TBU in Zlin, Zlin, Czech Republic). They were prepared according
to the following description: each active ingredient was dissolved in a specific amount
of water, and then the carbomer (0.6 wt%), methylparaben (0.2 wt%), and propylparaben
(0.1 wt%) were added. The formulation was left at rest for 24 h at room temperature to
swell the carbomer thoroughly. Subsequently, the gel was homogenized by stirring it on a
laboratory stirrer (Heidolph, Schwabach, Germany), first for 30 min at 160 rpm and then for
10 min at 360 rpm at the close. The gel was neutralized by 10wt% aqueous NaOH during
the mixing process with a pH value of 6.0 & 0.1. A reference gel without any collagen
hydrolysate was prepared using the same procedure.

4.5. pH Measurement

A pH meter (pH Spear Waterproof, Waltham, MA, USA) with a measurement accu-
racy of £0.1 pH was used to measure the pH of the produced emulsions and gels. All
measurements were taken at least three times for each value.



Int. J. Mol. Sci. 2025, 26, 2776

20 of 26

4.6. Microbiological Analyses

First, the microbial contamination was determined by total viable counts (TVC) and
yeasts and mould counts (YMC). The sample (0.1 g) was aseptically mixed with 0.9 mL of
sterile saline solution and shaken for 4 min on vortex (3000 rpm/min). Decimal dilutions
were poured by or plated on Plate Count Agar (PCA) for TVC determination or Chloram-
phenicol Yeast Glucose Agar (CYGA) for YMC determination; both media were supplied
by Himedia Laboratories Pvt. Ltd., Mumbai, India. PCA plates were incubated for 48 h at
30 £ 1 °C, and CYGA plates were placed at 22 £ 1 °C for 5 days.

Second, a preservative efficacy test was performed with Pseudomonas aeruginosa ATCC
27853 according to ISO 11930:2019 [22]. The bacterial strain was obtained from the Czech
Collection of Microorganisms (Brno, Czech Republic). Samples (5 g) were inoculated
by 50 uL bacterial suspension (1.5-108 CFU-mL™!), mixed well, and stored at 22 4 1 °C.
Immediately (0 days) and after 7, 14, and 28 days of storage, the microbiological analysis
as described earlier was determined with Nutrient Agar (Himedia Laboratories Pvt. Ltd.,
Mumbeai, India). The plates were incubated at 37 & 1 °C for 24 h. All experiments were
performed in triplicate.

4.7. Skin Diagnostics

The effect of the prepared emulsion matrices on the skin of the inner forearm’s volar
side and the face’s periorbital location was monitored using non-invasive bioengineering
instrumental methods quantifying the biophysical parameters of the skin and dermal
micro relief.

4.7.1. Study Design of Effectiveness of CH Emulsion and Gel Matrices on Volar
Forearm Skin

Eight volunteers aged 40 £ 2 without health problems participated in the skin di-
agnosis. The volunteers were familiar with the goal of the experiment and its progress.
Nevertheless, the selection of volunteers and the testing procedure were under international
ethical principles of biomedical research with human participants [62].

The study was conducted in a one-sided, blinded, placebo-controlled design with a
comparison of untreated skin and skin treated with SDS solution. Measurement of bio-
physical parameters (hydration, TEWL, and pH) of the skin took place in an air-conditioned
room (temperature 22-24 °C, relative humidity 45-50%) after twenty minutes of volunteer
acclimatization. Both volar sides of the forearm were divided into 10 test sites, each with
an area of 8 cm?. The first place of the volar side of the forearm remained untreated, which
served as the so-called control for visual comparison because of possible skin irritation.
The second place remained also without the application of emulsion formulations. These
two areas served for the initial measurement (t = 0 h). All other sites were pre-treated
with a 0.5 wt% solution of sodium dodecyl sulfate (SDS, Sigma-Aldrich, St. Louis, MO,
USA) in saline and left for four hours. After this, 0.1 mL of each of eight emulsion and gel
formulations (E, EDH, ECHH, EFH, G, GDH, GCHH, and GFH) were applied to one of
eight pre-treated sites. The effect of these formulations was monitored after 1, 2, 3, 4, 24,
and 48 h.

4.7.2. Study Design of Effectiveness of Fish CH Gel Matrices on Periorbital Region

For this part of the study, a gel matrix with collagen fish hydrolysate of 0%, 0.5%, and
1.5% were selected. Fifteen women aged 45 £ 3 years participated in the study, divided
into three groups applying the above gel formulations in the periorbital area. The study
was conducted under the same laboratory and ethical conditions as the part performed
on the inner side of the volar forearm but timed in intervals of eight weeks, designated
as TO-T8. The volunteers applied the respective formulations to a defined part of the



Int. J. Mol. Sci. 2025, 26, 2776

21 of 26

periorbital area treated with micellar water (Laboratoires dermatologiques d’'URIAGE,
France) twice daily in the morning and evening when they were instructed not to treat
this area with any other cosmetic products or other techniques. The skin condition of
the right and left periorbital areas of the face was quantified by monitoring hydration
(measured 5 times), TEWL (measured 15 times; the first five values were neglected due
to adaptation to fluctuating temperature and humidity values between the surface of the
stratum corneum and the inner space of the probe chamber), pH (measured 3 times), and
scanning the number of wrinkles (1 scan). In a given area, the skin relief with the number
of wrinkles was scanned by the volunteers using silicone replicas and a camera.

4.7 3. Non-Invasive Instrumental Bioengineering Methods and Skin Surface Characteristics

The MPA station (Courage and Khazaka Electronic GmbH, Cologne, Germany) was
the platform for diagnosing the effect of prepared emulsion matrices on the skin. To
measure the water content in the stratum corneum, the Corneometer® CM 825 corneometric
probe (Courage and Khazaka Electronic GmbH, Cologne, Germany) was used. It is based
on evaluating changes in electrical capacitance corresponding to the water content in the
skin’s stratum corneum. Hydration was measured five times at each marked site of the
volar side of the forearm, and the mean value with standard deviation was expressed in
corneometric units (c. u.) according to the scale. A <30 c. u. scale corresponds to extremely
dry skin, 3040 c. u. to dry skin, and normally hydrated skin to values of >40 c. u. [45].

Another tested parameter was TEWL, which was monitored by the Tewameter® T™M
300 probe (Courage and Khazaka Electronic GmbH, Cologne, Germany) at each test site
15 times; the first 5 values were neglected due to the equalization of temperature and
humidity in the probe chamber and the skin surface of the volunteers’ volar forearm. From
the last 10 values, the mean and standard deviation were calculated. In principle, the
method determines the flow of water vapor above the stratum corneum into the space of
a cylindrical chamber with two pairs of sensors for temperature and relative humidity.
TEWL is calculated from the difference between the two measurement points using Fick’s
law of diffusion and displayed in grams per hour per square meter. The interpretation of
the results was based on a scale that characterizes the condition of the skin in the range
of 0-10 g-m~2-h~! for very healthy conditions, 10-15 g-m~2-h~! for healthy conditions,
15-25 g-m~2-h~! for normal condition, 25-30 g-m~2-h~! for strained skin and above
30 g'm’z-h’1 for skin in critical condition [63].

To determine the acidity of the skin surface, the skin-pH-meter® PH 905 was used
(Courage and Khazaka Electronic GmbH, Cologne, Germany). The specially designed
probe comprises a flat-topped glass electrode for full skin contact connected to a voltmeter.
The system measures potential changes due to the activity of hydrogen cations surrounding
the very thin layer of semisolid forms at the top of the probe. The pH was measured three
times at each marked site of the volar side of the forearm, and the mean value with standard
deviation was. The changes in voltage are displayed as pH, which has been interpreted as
acidic for the range 3.5-4.3; normal 4.5-5.5; high > 5.7 [48].

A topographic method of profile imaging using silicone replicas was used to monitor
changes in skin microrelief in the periorbital region. An adhesive mold (Courage and
Khazaka Electronic GmbH, Cologne, Germany) was glued to the measured periorbital
area on both sides of the face, defining the site for the application of a silicone compound
prepared by mixing silicone base and catalyst (Courage and Khazaka Electronic GmbH,
Cologne, Germany) in a plastic container in a 1:1 ratio while sucking out the air present us-
ing a Visiometer® Vacuum Pump VP45 (Courage and Khazaka Electronic GmbH, Cologne,
Germany). The applied two-component silicone compound was immediately covered with
a cover sheet and cured for 10 min. The fabricated replica was glued onto a paper template
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with identification data. A calibrated Skin-Visiometer® SV 700 (Courage and Khazaka
Electronic GmbH, Cologne, Germany), which works by measuring the intensity of light
transmitted through the silicone replica using the Lambert-Beer law, was inserted into
the calibrated device. The corresponding program was used to evaluate the roughness
parameters R1-R5 on the circular area of the replica surface, which compensated for the
influence of the wrinkle direction. The parameter R1 indicates the distance between the
highest and lowest point of the scanned area, R2 indicates the maximum roughness calcu-
lated from different values of the roughness segments, R3 represents the average roughness
parameter of the five highest and five lowest segments, R4 expresses the maximum height
of the profile related to the length of the evaluated area, R5 presents the difference of the
height of the actual profile from the average profile [64]. The detailed procedure of the
method is presented in the publication by Prokopova et al. [42].

Images of the skin were also taken with a unique Visioscope® PC 35 camera, evaluated
with the Skin Competence System software (version 1.0, Courage and Khazaka Electronic
GmbH, Cologne, Germany), which allowed the percentage quantification of wrinkles in
the periorbital region.

4.8. Sensory Analysis

The organoleptic properties of the prepared emulsion and gel formulations were
assessed by a panel of 11 assessors trained according to ISO 8586:2023 [65], who were
acquainted with the course and goal of the sensory evaluation. The evaluation condi-
tions were ensured according to the requirements specified in ISO 6658:2017 [66] and ISO
8589:2007 [67]. The samples were presented randomly at a controlled temperature of
22 £ 1 °C under normal lighting conditions in a sensory laboratory equipped with
sensory cubicles.

The samples for sensory evaluation were coded as follows: A—sample without the
addition of collagen hydrolysate; B—sample with the addition of 0.5% chicken collagen
hydrolysate; C—sample with the addition of 0.5% deer collagen hydrolysate; D—sample
with the addition of 0.5% fish collagen hydrolysate; E—sample with the addition of 1.5%
of chicken collagen hydrolysate; F—sample with the addition of 1.5% deer collagen hy-
drolysate; and G—sample with the addition of 1.5% fish collagen hydrolysate.

The sensory assessment questionnaire included a ranking test [68]. The ranking
test investigated the spreadability of seven gel and emulsion formulations (1—the best
spreadable sample; 7—the least spreadable sample), as well as absorbency (1—excellent
and rapid absorption; 7—not absorbed, leaves a strongly sticky film), smell (1—the best
smell; 7—the least smell sample), and color (1—excellent; 7—unsatisfactory). Further, the
preference for gels or emulsions was assessed (1—the most preferred sample; 7—the least
preferred sample).

4.9. Statistical Analysis and Data Processing

Microbiological results and diagnostically gained biophysical characteristics were
statistically analyzed using Microsoft Office Excel (version 10, Microsoft, Santa Rosa, Cali-
fornia, USA) and presented as an arithmetic mean and standard deviation. Subsequently,
the values were tested by paired t-test for statistical significance (p < 0.05) compared to pre-
treatment values in individual time intervals for the study performed on the volar forearm.
The efficacy of the matrices without the CH addition/placebo and with the addition of 0.5%
a 1.5% fish CH in the periorbital region was determined by relative changes of biophysical
parameters by the differences of the means: T8-TO0.

The Friedman test evaluated the ranking tests of sensory analyses and the existence
of differences between samples was determined using Neményi’s method. The paired
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comparison test was assessed using the Fisher test criterion. The results of the sensory
analysis were processed at a 1% significance threshold (p < 0.01) by Unistat 5.5 software
(Unistat Ltd., London, UK).

5. Conclusions

Research into the structural and biophysical properties of chicken, deer, and fish
hydrolysates has shown that they are suitable as alternative biomaterials to conventional
bovine collagen for human and veterinary cosmetics development. The differences ob-
served between the various collagen sources may be due to the different types of original
by-products and the conditions under which the collagen hydrolysates are produced (dif-
ferent extraction and purification methods and conditions). Collagen hydrolysates from
alternative raw material sources form solutions that wet the skin surface well and are suit-
able for producing cosmetic matrices for emulsion and gels. The high antioxidant activity
of collagen hydrolysates and the moisturizing effect of emulsion matrices contribute to
improved skin condition. Cosmetic formulations containing fish collagen hydrolysate have
been shown to have a positive effect on reducing anisotropy. The higher degree of polydis-
persity of collagen hydrolysates proved beneficial for cosmetic applications as an improved
and restored skin barrier was observed after applying the tested formulations. Topical
procedures may be an appropriate complementary or alternative approach to aesthetic
modalities leading to periorbital rejuvenation.

6. Limitations

This study had several limitations that may affect the generalizability of its findings.
The first limitation was the relatively small sample size, which may limit the ability to
validate the efficacy of the formulations prepared with collagen hydrolysates on the volar
side of the forearm using objective methods measuring biophysical parameters such as
hydration, TEWL, and pH. Another part of the study, conducted in the periorbital region,
also monitored the same biophysical parameters and changes in skin microrelief. However,
neither part of this study evaluated parameters that could provide further insight into the
cellular or molecular mechanisms involved in all layers of the epidermis that may underlie
the observed changes.

Author Contributions: Conceptualization, M.]. and P.E.; methodology, PM. and P.E.; software, ].P.
and L.M.; validation, J.P, ].S. and PM.; formal analysis, J.P.; investigation, P.E., M.]., ].P. and J.S.;
resources, P.E., M.]. and J.P; data curation, PE., M.]. and J.P; writing—original draft preparation, J.P.,
MJ]J. and P.E.; writing—review and editing, M.]. and P.E.; visualization, J.P. and L.M.; supervision,
M.]., PM. and ].P.; project administration, P.E. and J.P,; funding acquisition, PM. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Internal Grant Agency of the Faculty of Technology, Tomas
Bata University in Zlin, ref. No. IGA /FT/2025/006.

Institutional Review Board Statement: The Institutional Review Board of Tomas Bata University in
Zlin approved the study on the testing of the cosmetic formulation on humans in accordance with
international ethical principles of the biomedical research involved human participants.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank especially Johanka Hornovéa, Aneta Prokopova
and Gabriela Bazalové for their help in the preparation of samples and measurements, as well as all
the volunteers for their willingness to participate in this study.

Conflicts of Interest: The authors declare that they have no conflict of interest.



Int. J. Mol. Sci. 2025, 26, 2776 24 of 26

References

1. Samad, N.; Sikarwar, A. Collagen: New Dimension in Cosmetic and Healthcare. Int. ]. Biochem. Res. Rev. 2016, 14, 1-8. [CrossRef]
[PubMed]

2. Espinales, C.; Romero-Pefia, M.; Calderén, G.; Vergara, K.; Céceres, P].; Castillo, P. Collagen, Protein Hydrolysates and Chitin
from By-Products of Fish and Shellfish: An Overview. Heliyon 2023, 9, €14937. [CrossRef]

3.  Avila Rodriguez, M.I; Rodriguez Barroso, L.G.; Sanchez, M.L. Collagen: A Review on Its Sources and Potential Cosmetic
Applications. J. Cosmet. Dermatol. 2018, 17, 20-26. [CrossRef]

4.  Silvipriya, K.; Kumar, K.; Bhat, A.; Kumar, B.; John, A.; Lakshmanan, P. Collagen: Animal Sources and Biomedical Application. J.
Appl. Pharm. Sci. 2015, 5, 123-127. [CrossRef]

5. Gdl, R.; Mokrejs, P; Pavlackovd, J.; Jandcova, D. Cyprinus Carpio Skeleton Byproduct as a Source of Collagen for Gelatin
Preparation. Int. ]. Mol. Sci. 2022, 23, 3164. [CrossRef]

6.  Mokrejs, P; Gdl, R; Pavlatkovd, J. Enzyme Conditioning of Chicken Collagen and Taguchi Design of Experiments Enhancing the
Yield and Quality of Prepared Gelatins. Int. J. Mol. Sci. 2023, 24, 3654. [CrossRef] [PubMed]

7. Xiong, X,; Yu, LK.M,; Tsang, D.C.W,; Bolan, N.S.; Sik Ok, Y.; Igalavithana, A.D.; Kirkham, M.B.; Kim, K.-H.; Vikrant, K. Value-
Added Chemicals from Food Supply Chain Wastes: State-of-The-Art Review and Future Prospects. Chem. Eng. J. 2019, 375,
121983. [CrossRef]

8.  Sionkowska, A.; Skrzynski, S.; Smiechowski, K.; Kolodziejczak, A. The Review of Versatile Application of Collagen. Polym. Adv.
Technol. 2017, 28, 4-9. [CrossRef]

9. Peng, Y.Y,; Stoichevska, V,; Vashi, A.; Howell, L.; Fehr, E; Dumsday, G.J.; Werkmeister, ].A.; Ramshaw, ].A.M. Non—-Animal
Collagens as New Options for Cosmetic Formulation. Int. J. Cosmet. Sci. 2015, 37, 636—-641. [CrossRef]

10. Sorushanova, A.; Delgado, L.M.; Wu, Z.; Shologu, N.; Kshirsagar, A.; Raghunath, R.; Mullen, A.M.; Bayon, Y.; Pandit, A,;
Raghunath, M.; et al. The Collagen Suprafamily: From Biosynthesis to Advanced Biomaterial Development. Adv. Mater. 2019, 31,
1801651. [CrossRef]

11.  Alam, M.R,; Shahid, M.A.; Alimuzzaman, S.; Khan, A.N. Sources, Extractions and Applications of Bio-Maker Collagen—A Review.
Biomed. Eng. Adv. 2022, 4, 100064. [CrossRef]

12.  Ahmed, M.; Verma, A.K,; Patel, R. Collagen Extraction and Recent Biological Activities of Collagen Peptides Derived from
Sea-Food Waste: A Review. Sustain. Chem. Pharm. 2020, 18, 100315. [CrossRef]

13. Li, G.Y.; Fukunaga, S.; Takenouchi, K.; Nakamura, F. Comparative Study of the Physiological Properties of Collagen, Gelatin and
Collagen Hydrolysate as Cosmetic Materials. Int. J. Cosmet. Sci. 2005, 27, 101-106. [CrossRef]

14. Ledn-Lépez, A.; Morales-Pefialoza, A.; Martinez-Judrez, V.M.; Vargas-Torres, A.; Zeugolis, D.I; Aguirre-AlvareZ, G. Hydrolyzed
Collagen—Sources and Applications. Molecules 2019, 24, 4031. [CrossRef]

15. Irastorza, A.; Zarandona, I.; Andonegi, M.; Guerrero, P.; de la Caba, K. The Versatility of Collagen and Chitosan: From Food to
Biomedical Applications. Food Hydrocoll. 2021, 116, 106633. [CrossRef]

16. Aguirre-Cruz, G.; Le6n-Lopez, A.; Cruz-Gémez, V.; Jiménez-Alvarado, R.; Aguirre-Alvarez, G. Collagen Hydrolysates for Skin
Protection: Oral Administration and Topical Formulation. Antioxidants 2020, 9, 181. [CrossRef] [PubMed]

17.  Zhang, Y.; Zhang, Y.; Liu, X.; Huang, L.; Chen, Z.; Cheng, J. Influence of Hydrolysis Behaviour and Microfluidisation on the
Functionality and Structural Properties of Collagen Hydrolysates. Food Chem. 2017, 227, 211-218. [CrossRef]

18. Sibilla, S.; Godfrey, M.; Brewer, S.; Budh-Raja, A.; Genovese, L. An Overview of the Beneficial Effects of Hydrolysed Collagen as a
Nutraceutical on Skin Properties: Scientific Background and Clinical Studies. Open Nutraceuticals |. 2015, 8, 29-42. [CrossRef]

19. Zaman, F,; Ishaq, M.W.; Muhammad Sohail, A. Collagen: An Overview from Past to Future Applications. Albus Sci. 2022, 2022,
1-6. [CrossRef]

20. Sionkowska, A.; Adamiak, K.; Musiatl, K.; Gadomska, M. Collagen Based Materials in Cosmetic Applications: A Review. Materials
2020, 13, 4217. [CrossRef]

21. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F,; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef]

22. IS0 11930:2019; Cosmetics—Microbiology—Evaluation of the Antimicrobial Protection of a Cosmetic Product. International
Organization for Standardization (ISO): Geneva, Switzerland, 2019.

23. Kassem, S.T.; El-Shemy, K.A. Extracting Chromium-Free Protein Hydrolysate from Leather Tanning Wastes. Int. ]. Environ. Agric.
Biotechnol. 2023, 8, 167-172. [CrossRef]

24. Prokopovid, A.; Gal, R.; Mokrejs, P.; Pavlackovd, J. Preparation of Gelatin From Broiler Chicken Stomach Collagen. Foods 2023, 12,
127. [CrossRef] [PubMed]

25. Xu, X.; Wang, D.; Li, J.; Zeng, X.; Zhang, Z.; Zhu, J.; Liu, G.; Zhang, J; Liang, L.; Liu, X,; et al. Collagen Hydrolysates from Deer

Tendon: Preparation Assisted with Different Ultrasound Pretreatment Times and Promotion in Mc3T3-E1 Cell Proliferation and
Antioxidant Activities. Process Biochem. 2023, 133, 228-240. [CrossRef]


https://doi.org/10.9734/IJBCRR/2016/27271
https://www.ncbi.nlm.nih.gov/pubmed/27273477
https://doi.org/10.1016/j.heliyon.2023.e14937
https://doi.org/10.1111/jocd.12450
https://doi.org/10.7324/JAPS.2015.50322
https://doi.org/10.3390/ijms23063164
https://doi.org/10.3390/ijms24043654
https://www.ncbi.nlm.nih.gov/pubmed/36835063
https://doi.org/10.1016/j.cej.2019.121983
https://doi.org/10.1002/pat.3842
https://doi.org/10.1111/ics.12243
https://doi.org/10.1002/adma.201801651
https://doi.org/10.1016/j.bea.2022.100064
https://doi.org/10.1016/j.scp.2020.100315
https://doi.org/10.1111/j.1467-2494.2004.00251.x
https://doi.org/10.3390/molecules24224031
https://doi.org/10.1016/j.foodhyd.2021.106633
https://doi.org/10.3390/antiox9020181
https://www.ncbi.nlm.nih.gov/pubmed/32098294
https://doi.org/10.1016/j.foodchem.2017.01.049
https://doi.org/10.2174/1876396001508010029
https://doi.org/10.56512/AS.2022.2.e221115
https://doi.org/10.3390/ma13194217
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.22161/ijeab.86.17
https://doi.org/10.3390/foods12010127
https://www.ncbi.nlm.nih.gov/pubmed/36613343
https://doi.org/10.1016/j.procbio.2023.09.010

Int. J. Mol. Sci. 2025, 26, 2776 25 of 26

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Prokopovad, A.; Mokrejs, P; Gdl, R.; Pavlackovd, J.; Hurajova, A. Characterization of Poultry Gelatins Prepared by a Biotechnologi-
cal Method for Targeted Changes at the Molecular Level. Int. . Mol. Sci. 2024, 25, 916. [CrossRef]

Yu, E; Pan, C; Luo, X.; Ruan, Q.; Chen, W.; Fang, Y.; Wang, K.; Qin, Y.; Lv, M.; Ma, H. Structural Characteristics, Component
Interactions and Functional Properties of Gelatins from Three Fish Skins Extracted by Five Methods. Int. ]. Biol. Macromol. 2023,
248,125813. [CrossRef]

Vidal, A.R.; Duarte, L.P.; Schmidt, M.M.; Cansian, R.L.; Fernandes, I.A.; de Oliveira Mello, R.; Demiate, .M.; Dornelles, R.C.P.
Extraction and Characterization of Collagen from Sheep Slaughter By-Products. Waste Manag. 2020, 102, 838-846. [CrossRef]
Chanmangkang, S.; Maneerote, J.; Surayot, U.; Panya, A.; You, S.G.; Wangtueai, S. Physicochemical and Biological Properties
of Collagens Obtained from Tuna Tendon by Using the Ultrasound-Assisted Extraction. J. Agric. Food Res. 2024, 15, 100984.
[CrossRef]

de Melo Oliveira, V.; Assis, C.R.D.; de Aquino Marques Costa, B.; de Aratjo Neri, R.C.; Monte, ET.D.; da Costa Vasconcelos Freitas,
H.M.S,; Franga, R.C.P; Santos, ].F; de Souza Bezerra, R.; Porto, A.L.F. Physical, Biochemical, Densitometric and Spectroscopic
Techniques for Characterization Collagen from Alternative Sources: A Review Based on the Sustainable Valorization of Aquatic
By-Products. J. Mol. Struct. 2021, 1224, 129023. [CrossRef]

Indriani, S.; Benjakul, S.; Quan, T.H.; Sitanggang, A.B.; Chaijan, M.; Kaewthong, P.; Petcharat, T.; Karnjanapratum, S. Effect of
Different Ultrasound-Assisted Process Modes on Extraction Yield and Molecular Characteristics of Pepsin-Soluble Collagen from
Asian Bullfrog Skin. Food Bioprocess Technol. 2023, 16, 3019-3032. [CrossRef]

Shaik, M.I.; Chong, ].Y.; Sarbon, N.M. Effect of Ultrasound-Assisted Extraction on the Extractability and Physicochemical
Properties of Acid and Pepsin Soluble Collagen Derived from Sharpnose Stingray (Dasyatis Zugei) Skin. Biocatal. Agric. Biotechnol.
2021, 38, 102218. [CrossRef]

Tanbir, A.; Yogesh, K.; Armaan Ullah, M.; Vikas, K.; Singhal, S.; Devendra, K.; Talukder, S.; Chand, S.; Devadason, L.P,; Biswas,
A K. Extraction and Characterization of Collagen Hydrolysate from Buffalo (Bubalus Bubalis) Skin Including Its Antioxidant
Properties and Antiarthritic Effect. Waste Biomass Valorization 2024, 15, 4159—-4173. [CrossRef]

Commission Regulation (Ec) No 2073/2005 of 15 November 2005 on Microbiological Criteria for Foodstuffs; European Union: Luxembourg,
2005; Volume 48, pp. 1-26.

Regulation (Ec) No 1223/2009 of the European Parliament and of the Council of 30 November 2009 on Cosmetic Products; European Union:
Luxembourg, 2009; pp. 59-209.

Danila, E.; Kaya, D.A.; Anuta, V.; Popa, L.; Coman, A.E.; Chelaru, C.; Constantinescu, R.R.; Dinu-Pirvu, C.; Albu Kaya, M.G.;
Ghica, M.V. Formulation and Characterization of Niacinamide and Collagen Emulsion and Its Investigation as a Potential
Cosmeceutical Product. Cosmetics 2024, 11, 40. [CrossRef]

Kocevar Glava¢, N.; Lunder, M. Preservative Efficacy of Selected Antimicrobials of Natural Origin in a Cosmetic Emulsion. Int. J.
Cosmet. Sci. 2018, 40, 276-284. [CrossRef]

Barnes, T.M.; Mijaljica, D.; Townley, ].P.; Spada, F.; Harrison, I.P. Vehicles for Drug Delivery and Cosmetic Moisturizers: Review
and Comparison. Pharmaceutics 2021, 13, 2012. [CrossRef]

Kassir, M.; Kroumpouzos, G.; Puja, P.; Katsambas, A.; Galadari, H.; Lotti, T.; Abdelmaksoud, A.; Grabbe, S.; Juchems, E.; Goldust,
M. Update in Minimally Invasive Periorbital Rejuvenation with a Focus on Platelet-Rich Plasma: A Narrative Review. J. Cosmet.
Dermatol. 2020, 19, 1057-1062. [CrossRef]

Russel, S.M.; Clark, ].M. Periorbital Rejuvenation in the Clinic: A State-of-the-Art Review. World J. Otorhinolaryngol.-Head Neck
Surg. 2023, 9, 242-248. [CrossRef]

Torres, A.; Almeida, LE; Oliveira, R. An Overview of Proprietary Vehicles/Bases for Topical Compounding Medicines and
Cosmetics. Cosmetics 2024, 11, 16. [CrossRef]

Prokopové, A.; Pavlackova, J.; Mokrejs, P.; Gal, R. Collagen Hydrolysate Prepared from Chicken By-Product as a Functional
Polymer in Cosmetic Formulation. Molecules 2021, 26, 2021. [CrossRef]

Wesley, G.; Toyos, M.; DiVito, M.; Zirwas, M. Evaluation of the Safety and Tolerability of Lumify Eye Illuminations Cosmetic
Products. Clin. Ophthalmol. 2024, 18, 3031-3042. [CrossRef]

Mendoza-Mufioz, N.; Leyva-Gémez, G.; Pifién-Segundo, E.; Zambrano-Zaragoza, M.L.; Quintanar-Guerrero, D.; Del Prado
Audelo, M.L.; Urban-Morlan, Z. Trends in Biopolymer Science Applied to Cosmetics. Int. |. Cosmet. Sci. 2023, 45, 699-724.
[CrossRef] [PubMed]

The Corneometer® CM 825 Manual; Courage+Khazaka Electronic GmbH: Cologne, Germany, 2022; pp. 1-9.

Milani, M.; Sparavigna, A. The 24-Hour Skin Hydration and Barrier Function Effects of a Hyaluronic 1%, Glycerin 5%, and
Emcentella Asiatica/Em Stem Cells Extract Moisturizing Fluid: An Intra-Subject, Randomized, Assessor-Blinded Study. Clin.
Cosmet. Investig. Dermatol. 2017, 10, 311-315. [CrossRef]

Lei, D.; Liu, D.; Zhang, J.; Zhang, L.; Man, M.-Q. Benefits of Topical Natural Ingredients in Epidermal Permeability Barrier. Front.
Physiol. 2024, 14, 1275506. [CrossRef] [PubMed]

The Skin-pH-Meter® PH 905; Courage+Khazaka Electronic GmbH: Cologne, Germany, 2022; pp. 1-7.


https://doi.org/10.3390/ijms25020916
https://doi.org/10.1016/j.ijbiomac.2023.125813
https://doi.org/10.1016/j.wasman.2019.12.004
https://doi.org/10.1016/j.jafr.2024.100984
https://doi.org/10.1016/j.molstruc.2020.129023
https://doi.org/10.1007/s11947-023-03118-w
https://doi.org/10.1016/j.bcab.2021.102218
https://doi.org/10.1007/s12649-024-02462-y
https://doi.org/10.3390/cosmetics11020040
https://doi.org/10.1111/ics.12461
https://doi.org/10.3390/pharmaceutics13122012
https://doi.org/10.1111/jocd.13376
https://doi.org/10.1002/wjo2.124
https://doi.org/10.3390/cosmetics11010016
https://doi.org/10.3390/molecules26072021
https://doi.org/10.2147/OPTH.S481806
https://doi.org/10.1111/ics.12880
https://www.ncbi.nlm.nih.gov/pubmed/37402111
https://doi.org/10.2147/CCID.S144180
https://doi.org/10.3389/fphys.2023.1275506
https://www.ncbi.nlm.nih.gov/pubmed/38239888

Int. J. Mol. Sci. 2025, 26, 2776 26 of 26

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Swatschek, D.; Schatton, W.; Kellermann, J.; Miiller, W.E.G.; Kreuter, ]. Marine Sponge Collagen: Isolation, Characterization and
Effects on the Skin Parameters Surface-Ph, Moisture and Sebum. Eur. J. Pharm. Biopharm. 2002, 53, 107-113. [CrossRef] [PubMed]
Pavlackova, J.; Egner, P; Slavik, R.; Mokrejs, P.; Gal, R. Hydration and Barrier Potential of Cosmetic Matrices with Bee Products.
Molecules 2020, 25, 2510. [CrossRef]

Lu, W.C,; Chiu, C.S,; Chan, YJ.; Guo, T.P; Lin, C.C.; Wang, P.C.; Lin, PY,; Mulio, A.T,; Li, PH. An In Vivo Study to Evaluate the
Efficacy of Blue Shark (Prionace Glauca) Cartilage Collagen as a Cosmetic. Mar. Drugs 2022, 20, 633. [CrossRef]

Gougeon, S.; Hernandez, E.; Chevrot, N.; Vergne, T.; Cherel, M.; Prestat-Marquis, E.; Jomier, M.; Burty-Valin, E. Evaluation of a
New Connected Portable Camera for the Analysis of Skin Microrelief and the Assessment of the Effect of Skin Moisturisers. Ski.
Res. Technol. 2023, 29, €13190. [CrossRef]

Slominski, R-M.; Chen, ].Y.; Raman, C.; Slominski, A.T. Photo-Neuro-Immuno-Endocrinology: How The Ultraviolet Radiation
Regulates The Body, Brain, And Immune System. PNAS. 2024, 121, 1-8. [CrossRef]

Slominski, A.T.; Slominski, R-M.; Raman, C.; Chen, J.Y.; Athar, M.; Elmets, C. Neuroendocrine Signaling In The Skin With A
Special Focus On The Epidermal Neuropeptides. Am. J. Physiol. Cell Physiol. 2022, 323, C1757-C1776. [CrossRef]

Do Prado Barros de Souza, A.; de Oliveira, M.M.R.; de Andrade, R.R.; de Amorim, R.F.B.; Bocca, A.L.; de Fatima Borin, M. The In
Vivo Effect of L-Arginine on Skin Elasticity in Mice. Braz. J. Pharm. Sci. 2017, 53, €00045. [CrossRef]

Kluczyk, A.; Ludwiczak, J.; Modzel, M.; Kuczer, M.; Cebrat, M.; Biernat, M.; Bachor, R. Argireline: Needle-Free Botox as Analytical
Challenge. Chem. Biodivers. 2021, 18, e2000992. [CrossRef] [PubMed]

Henseler, H. Investigating the Effects of Argireline in a Skin Serum Containing Hyaluronic Acids on Skin Surface Wrinkles Using
the Visia® Complexion Analysis Camera System for Objective Skin Analysis. GMS Interdiscip. Plast. Reconstr. Surg. DGPW 2023,
12, Doc09. [PubMed]

Evans, M.; Lewis, E.D.; Zakaria, N.; Pelipyagina, T.; Guthrie, N. A Randomized, Triple-Blind, Placebo-Controlled, Parallel Study
to Evaluate the Efficacy of a Freshwater Marine Collagen on Skin Wrinkles and Elasticity. J. Cosmet. Dermatol. 2021, 20, 825-834.
[CrossRef] [PubMed]

Yoon, H.-S.; Kim, J.R.; Park, G.Y,; Kim, ].-E.; Lee, D.H.; Lee, KW.; Chung, ].H. Cocoa Flavanol Supplementation Influences Skin
Conditions of Photo-Aged Women: A 24-Week Double-Blind, Randomized, Controlled Trial. J. Nutr. 2016, 146, 46-50. [CrossRef]
Polastikova, A.; Gal, R.; Mokrej$, P.; Orsavova, J. Preparation of Protein Products from Collagen-Rich Poultry Tissues. Potravin.
Slovak J. Food Sci. 2020, 14, 713-720. [CrossRef]

Gelatin Manufacturers Institute of America (GMIA). Standard Testing Methods for Edible Gelatin; Revised; GMIA: Washington, DC,
USA, 2019; pp. 1-33.

CIOMS. International Ethical Guidelines for Health-Related Research Involving Humans. Available online: https://cioms.ch/
publications/product/international-ethical-guidelines-for-health-related-research-involving-humans/ (accessed on 8 August
2024).

The Tewameter® TM 300 Manual; Courage+Khazaka Electronic GmbH: Cologne, Germany, 2022; pp. 1-15.

Information and Instructions Manual for the Skin-Visiometer® Sv 700 Usb and Its Software; Courage+Khazaka Electronic: Cologne,
Germany, 2016; pp. 1-11.

ISO 8586:2023; Sensory Analysis—General Guidelines for the Selection, Training and Monitoring of Selected Assessors and Expert
Sensory Assessors. International Organization for Standardization (ISO): Geneva, Switzerland, 2023.

ISO 6658:2017; Sensory Analysis—Methodology—General Guidance. International Organization for Standardization (ISO):
Geneva, Switzerland, 2017.

ISO 8589:2007; Sensory Analysis—General Guidance for the Design of Test Rooms. International Organization for Standardization
(ISO): Geneva, Switzerland, 2007.

ISO 8587:2006; Sensory Analysis—Methodology—Ranking. International Organization for Standardization (ISO): Geneva,
Switzerland, 2006.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0939-6411(01)00192-8
https://www.ncbi.nlm.nih.gov/pubmed/11777758
https://doi.org/10.3390/molecules25112510
https://doi.org/10.3390/md20100633
https://doi.org/10.1111/srt.13190
https://doi.org/10.1073/pnas.2308374121
https://doi.org/10.1152/ajpcell.00147.2022
https://doi.org/10.1590/s2175-97902017000300045
https://doi.org/10.1002/cbdv.202000992
https://www.ncbi.nlm.nih.gov/pubmed/33482052
https://www.ncbi.nlm.nih.gov/pubmed/38024099
https://doi.org/10.1111/jocd.13676
https://www.ncbi.nlm.nih.gov/pubmed/32799362
https://doi.org/10.3945/jn.115.217711
https://doi.org/10.5219/1319
https://cioms.ch/publications/product/international-ethical-guidelines-for-health-related-research-involving-humans/
https://cioms.ch/publications/product/international-ethical-guidelines-for-health-related-research-involving-humans/

	Introduction 
	Results 
	Dry Matter and Ash Content 
	Clarity and pH 
	Antioxidant Activity 
	Gel Permeation Chromatography (GPC) 
	Vibrational Characterization of Functional Groups 
	Surface Tension and Contact Angle 
	Microbiological Analysis and Preservative Efficacy 
	In Vivo Efficacy of CH Emulsion and Gel Matrices on Volar Forearm Skin 
	In Vivo Efficacy of Fish CH Gel Matrices on Skin of Periorbital Region 
	Organoleptic Properties 

	Discussion 
	Materials and Methods 
	Preparation of Collagen Hydrolysates 
	Characterisation of Collagen Hydrolysates 
	Determination of Dry Matter Content and Ash Content 
	Determination of Clarity and pH 
	Determination of Antioxidant Activity 
	FTIR Analysis 
	Molecular Weight Distribution 

	Surface Tension and Contact Angle Determination 
	Preparation of Formulations with Collagen Hydrolysate 
	pH Measurement 
	Microbiological Analyses 
	Skin Diagnostics 
	Study Design of Effectiveness of CH Emulsion and Gel Matrices on Volar Forearm Skin 
	Study Design of Effectiveness of Fish CH Gel Matrices on Periorbital Region 
	Non-Invasive Instrumental Bioengineering Methods and Skin Surface Characteristics 

	Sensory Analysis 
	Statistical Analysis and Data Processing 

	Conclusions 
	Limitations 
	References

