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Abstract

S-Methylmethionine (SMM), also called vitamin U, shows antihistamine, anti-inflammatory,
radioprotective and anti-irritant activity, as well as enhanced wound healing. In addition,
vitamin U affects the regeneration and renewal of the skin hydrolipid mantle and offers
some UVB-protective effects on the skin. Since there are currently no reports in the scientific
literature concerning the release of vitamin U from cosmetic formulations, the present study
was undertaken as a preliminary and exploratory pilot investigation. The research focused
on evaluating the release behavior of SMM (synthetic methylmethionine), a compound
recognized for its potential skin-regenerating, soothing, and protective properties, from
several commonly used topical delivery systems. Therefore, the various topical formula-
tions, including oil-in-water (O/W) and water-in-oil (W/O) emulsions, as well as hydrogel
formulations, were evaluated as potential, effective vitamin U skin delivery systems. Vita-
min U-loaded emulsions (O/W and W/O) differing in droplet size in the internal phase
and a hydrogel were prepared. The physicochemical properties of the formulations, such
as emulsion type, stability, viscosity, pH and droplet size, were evaluated. The study of
vitamin U release was performed in thermostatic diffusion chambers at a temperature of
T = 32 °C using the Spectra/Por Standard Regenerated Cellulose dialysis membrane. A
phosphate buffer (PBS) with pH 7.4 was used as the receptor solution. The concentration of
the released S-Methylmethionine was analyzed with ninhydrin-based spectrophotometric
assays. The obtained results showed that the type of the formulation significantly influ-
enced the SMM release. The highest release of SMM was observed from hydrogel and
O/W emulsions.

Keywords: vitamin U (S-methylmethionine); food plants; methionine; amino acids

1. Introduction

S-Methylmethionine (SMM)), also called vitamin U (Figure 1), is a derivative of the
amino acid methionine and can be synthesized from methionine and S-adenosylmethionine
or isolated from plant materials [1]. The term “vitamin U” originates from the Latin word
ulcus, meaning ulcer, and was introduced by Garnett Cheney in 1950 following observations
of the anti-ulcer effects of raw cabbage juice. He reported that the systematic consumption
of the juice promoted the healing of peptic ulcers. However, its classification as a vitamin
has not been formally accepted [1,2].
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Figure 1. Chemical structure of SMM.

Vitamin U was first isolated from leaves of raw cabbage in 1966. Other natural
sources of SMM include commonly consumed vegetables such as asparagus [3,4], onion,
kale, celery, spinach [4], maize, turnip and Brassica vegetables (e.g., broccoli, Chinese
cabbage, pak choi) [4-7], as well as wheat [8] and tea [9,10]. It also occurs in juices
obtained from parsley root, horseradish leaves, gooseberry [11], and soybean [12]. Cabbage
(Brassica oleracea L. var. capitata) contains various biologically active compounds, including
polyphenols, minerals, ascorbic acid, and amino acids such as glutamine, which exhibit
anti-inflammatory properties. In addition, it contains S-methylmethionine, which has been
associated with beneficial effects in the treatment and prevention of peptic ulcer disease.
The content of SMM in selected plant sources is summarized in Table 1 [13-21].

Table 1. Level of vitamin U in various food plant resources [4].

Name of Resources Content of Vitamin U (mg/100 g)

Asparagus 18.7
Broccoli 18.9
Bud of aralia 19.3
Celery 8.3
Crown daisy 111
Garlic 2.8
Green onion 2.6
Kale 234
Kimchi 4.7
Onion 2.7
Pak choi 34.0
Sanmanul 14.4
Shepherd’s purse 3.4
Spinach 452
Wasabi 18.7
White radish 4.7

Vitamin U exhibits a broad spectrum of biological activities. SMM demonstrates gastro-
protective, cytoprotective, antioxidant, anti-inflammatory, wound-healing, radioprotective,
and hypolipidemic properties [22,23].

Ji Hoon Song et al., in an animal model, demonstrated that the administration of
vitamin U in the range of 10-200 mg/g body weight exhibited beneficial effects in digestive
system disorders and liver injury models. As the authors showed, higher doses of SMM
were required to achieve significant biological activity following oral administration [24].

In recent years, increasing attention has been paid to the potential application of
S-methylmethionine in cosmetic and dermal cosmetic formulations owing to its antioxi-
dant, anti-inflammatory, and skin-protective properties. Although several studies have

https:/ /doi.org/10.3390/standards6030027


https://doi.org/10.3390/standards6030027

Standards 2026, 6, 27

30f16

demonstrated its beneficial effects on skin regeneration, oxidative stress reduction, and cel-
lular protection, research concerning its incorporation into cosmetic formulations remains
limited. Furthermore, information regarding the stability and release behavior of SMM is
scarce. Previous investigations have primarily focused on pharmaceutical or microencap-
sulated systems intended for oral administration, while studies evaluating the release of
vitamin U from conventional cosmetic formulations have not been reported.

Despite its well-documented biological activity, the application of SMM (S-methylmethionine)
in cosmetic formulations remains poorly explored. Most published studies have focused on its
anti-ulcer, antioxidant, and cytoprotective properties, whereas relatively few have investigated its
potential as an active ingredient in topical cosmetic products. The available evidence suggests that
SMM may support skin regeneration, reduce oxidative stress, and improve skin barrier function,
indicating its promise for dermal cosmetic applications. However, despite this growing interest,
its performance in topical formulations has not been systematically investigated. In particular,
data on the release of vitamin U from commonly used cosmetic dosage forms are scarce. The
most recent review by Ananian et al. highlights that the clinical translation of S-methylmethionine
(vitamin U) remains limited not only due to the insufficient number of high-quality clinical studies
but also because of challenges associated with the development of appropriate pharmaceutical
formulations. The authors indicate that semisolid dosage forms, such as gels, films, and other
topical formulations, demonstrate the greatest potential. Furthermore, they emphasize that the
development of controlled-release and targeted delivery systems represents an important direction
for future pharmaceutical research, with the potential to enhance the skin bioavailability of SMM
(S-methylmethionine) and improve its therapeutic efficacy [25].

To address this gap, the present study was conducted as a preliminary pilot investiga-
tion to evaluate the formulation-dependent release characteristics of SMM.

The research focused on evaluating the release behavior of SMM (synthetic methyl-
methionine), a compound recognized for its potential skin-regenerating, soothing, and
protective properties, from several commonly used topical delivery systems. Synthetic
vitamin U was selected for the release studies due to its high purity, well-defined com-
position, and excellent batch-to-batch reproducibility. The use of a synthetic compound
eliminates the influence of accompanying substances present in natural extracts, such as
polyphenols, sugars, proteins, and other metabolites, which could affect the release process
or interfere with analytical measurements. Consequently, the obtained results reflect the
properties of the delivery system and vitamin U itself rather than the variable composi-
tion of the natural source. Furthermore, the use of synthetic vitamin U enables precise
determination of the amount of the active compound in each sample and ensures high
experimental reproducibility.

Since there are currently no reports in the scientific literature concerning the release of
vitamin U from cosmetic formulations, the present study was undertaken as a preliminary
and exploratory pilot investigation. The research focused on evaluating the release behavior
of SMM (synthetic methylmethionine), a compound recognized for its potential skin-
regenerating, soothing, and protective properties, from several commonly used topical
delivery systems.

In contrast to advanced delivery systems (e.g., liposomes or nanoemulsions), this
study intentionally focuses on conventional cosmetic vehicles, including oil-in-water (O/W)
emulsions, water-in-oil (W/O) emulsions, and hydrogel systems. These formulations were
selected because of their widespread application in cosmetic products and their distinct
physicochemical properties, such as polarity and viscosity, which are known to influence
the release and availability of active compounds.

https:/ /doi.org/10.3390/standards6030027


https://doi.org/10.3390/standards6030027

Standards 2026, 6, 27

4of 16

By evaluating these basic formulation types, the study aims to establish a comparative
baseline for SMM release, which may serve as a foundation for the future development of
more advanced delivery systems.

The results are intended to provide initial insight into the relationship between formu-
lation type and SMM release behavior, rather than to describe transdermal permeation or
biological efficacy.

The obtained results contribute to a better understanding of the influence of formula-
tion type on the release characteristics of SMM and may support the future optimization of
cosmetic formulations designed to improve the bioavailability, stability, and overall efficacy
of SMM in topical applications. However, further studies, including skin permeation and
biological activity assessments, are required to confirm these findings.

Review of the Scientific Literature

In the study by Abouzed et al. [26], SMM, also known as vitamin U, was investigated
for its antitumor and antioxidant effects in a rat model of liver cancer. The administration
of MMSC reduced oxidative stress, improved liver function, and inhibited tumor-related
changes in liver tissue. These results suggest a potential protective role of vitamin U in
liver diseases.

Research on the combined use of vitamin B5 and vitamin U indicates potential benefits
in treating inflammatory and erosive gastrointestinal diseases, attributed to gastroprotective
and regenerative mechanisms. However, the authors emphasize the need for further clinical
trials to confirm efficacy, establish optimal dosages, and assess the safety of such therapy.
Combining these vitamins may serve as a valuable adjunctive treatment for gastric and
duodenal mucosal damage [27].

Stoliarov et al. presented that S-methylmethionine exhibits antidepressant properties
irrespectively of the duration of the depression phase or preceding treatment [28]. Sokmen
B. et al. reported that vitamin U restores the GSH (glutathione levels) and consequently
protects the body against growth oxidative stress. GSH plays a significant role in critical
cell processes and is important in maintaining and regulating the redox status of thiol cells.
In addition, the authors showed the protective effects of vitamin U against valproic acid
(VPA), recommended for several therapeutic purposes in induced liver damage in rats.
Vitamin U was shown to protect against VPA-induced hepatotoxicity [29].

It is worth noting that S-methylmethionine may have a beneficial effect in preventing
kidney damage that occurs in patients with epilepsy. It was proven that this ingredient has
a protective effect on valproic acid-induced drug used to treat kidney damage due to its
antioxidant, anti-inflammatory and anti-fibrotic properties [30]. Tunali and others showed
that vitamin U revealed antioxidant properties and may prevent lens damage caused by
valporic acid, which occurs in antiepileptic drugs [31].

Choi et al. studied the bioavailability and intestinal cellular uptake of bioactive
components from the steamed extract of graviola leaves (SGV) and graviola leaves enriched
with kale extract (SGK). They evaluated the ability of SGV and SGK extracts as excipient
ingredients to detoxify nicotine. They reported that graviola leaf extract enriched with
kale could improve vitamin U absorption and provide a natural therapy for detoxifying
nicotine [32].

Gezginci-Oktayoglu et al. investigated the effect of vitamin U on oxidative stress,
such as kidney inflammation induced by valproic acid. A control study was conducted on
rats. The results indicate that the vitamin may be a potential drug used in preventing and
inhibiting kidney damage induced by valproic acid (VPA), as a drug used in patients with

epilepsy [33].
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S-methylmethionine (SMM, vitamin U) demonstrated neuroprotective effects in rat
models of brain injury induced by pentylenetetrazole-induced seizures and amiodarone
toxicity by reducing oxidative stress and inflammation. SMM administration restored
antioxidant balance, improved the activity of protective enzymes, and reduced oxidative
damage in brain tissue, indicating its potential protective role under neurotoxic condi-
tions [34,35].

The literature also describes the results of the studies aimed at demonstrating the
effect of the methionine derivative on the production of collagen and its direct effect
on the multiplication of fibroblasts [34]. Kim et al. also showed that the SMM and its
derivatives accelerate wound healing through increased proliferation and migration of
fibroblasts through the ERK1 pathway because the pathophysiology of wounds is similar
to the processes of skin aging (wrinkles, photoaging). Moreover, vitamin U affects the
regeneration and restoration of the skin hydrolipidic coat [36].

Min and Kim, in the patent revealed in Ref. [37], describe the use of vitamin U
(SMM) as an active ingredient in cosmetic and dermatological preparations intended for
skin regeneration, wound healing, and wrinkle reduction. The formulations contained
vitamin U (synthetic SMM) at a concentration of approximately 1% in creams, lotions,
and O/W emulsions. It was demonstrated that vitamin U formulations significantly
accelerated wound healing and improved the appearance of wrinkles (clinical evaluation of
cream/lotion applied twice daily for two months). The stability of a cream containing 1%
SMM was also examined after storage for four weeks under different thermal conditions
(RT, 4 °C, 45 °C). The formulations showed good stability, with only minor changes in
viscosity (<10%), pH (<0.1-0.2), color and odor [38].

Min and Kim [39] showed that the composition of SMM has an excellent effect on
healing wounds and repairing skin wounds. They highlight the cytoprotective and anti-
inflammatory properties of SMM, emphasizing that its stability within emulsions or gels
allows for prolonged contact with the skin, which is essential for therapeutic efficacy. While
no quantitative release data are reported, the description implies that the formulations
were specifically designed to achieve a gradual release profile and sustained availability of
SMM at the site of application.

The photoprotective effects of SMM were also demonstrated by reducing skin damage
caused by UV radiation. Studies provided by Kim et al. evidence the photoprotective effect
of SMM on KPC (keratinocyte progenitor cells) and hDF (human skin fibroblasts) from UVB
irradiation through the activation of the MAPK pathway (mitogen-activated kinases) [37].
In addition, many studies have already reported that the combination is able to increase
SMM penetration and deposition in the skin through the addition of oleic acid and ethanol
at various concentrations [40,41]. The effectiveness of topical preparations depends on
the ability of the active substance to penetrate the epidermal barrier and accumulate in
specific layers of the skin. Modern transdermal delivery systems, including patches and
other topical carriers, enable the controlled release of active ingredients and enhance their
bioavailability in the skin through appropriate formulation design and optimization of the
physicochemical properties of the carrier [42]. The effectiveness of cosmetic preparations
is closely related to the deposition (concentration) of SMM in the epidermis/dermis. The
amount of compound present in the skin after twelve hours was tested with appropriate
assumptions in a hairless mouse model. It is known that permeability through human skin
is at least two times lower than that of hairless mouse skin [43,44]. S-Methylmethionine
and plant extracts, which are the sources of vitamin U, show potential as cosmetic active
ingredients with anti-aging properties. However, there has been no systematic study
concerning SMM skin penetration/deposition. Taking into consideration the fact that SMM
is a substance with high hydrophilicity, its skin permeation is expected to be limited. It
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is generally known that apart from the active properties, such as molecule size, solubility
and degree of dissociation, in addition to the possibility of creating chemical bonds with
components of the skin’s structure, the physiochemical form of the cosmetic product (the
cosmetic vesicle) is also of great importance. Furthermore, the use of a skin permeation
enhancer may improve the therapeutic efficacy of the actives. In order to increase the
permeability of this substance, it would be worth using liposomes as carriers of the active
substance. In medicine, they effectively deliver drugs into the bloodstream, slowly releasing
the active substance and thus protecting the body from adverse effects. Their potential
benefits have been particularly appreciated by the cosmetics and pharmaceutical industries,
as well as in the food industry [45,46].

2. Materials and Methods
2.1. Materials

In this work, SMM-loaded (0.1 w/%) oil-in-water (O/W) and water-in-oil (W/QO)
emulsions and hydrogel (HG) were prepared. Due to the low stability of vitamin U (it
degrades when exposed to heat or high pH), resulting in a low yield while obtaining and
isolating it, its extraction from plant extracts is not economically viable [47]. For this reason,
we used chemically synthesized SMM in our work. All of the raw materials used in the
formulations were cosmetic or pharmaceutical grade. SMM (Table 2) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Versaflex™ V-175, caprylic/capric triglyceride (MCT),
and lanolin were kindly supplied by Croda Poland Sp. z o0.0. (Cracow, Poland). Cera alba,
Cocos nucifera oil, and vitamin E were supplied by Alfa Sagittarius Sp. z o0.0. (Cracow,
Poland). Sodium benzoate was purchased from Warchem Sp. z o.0. (Zakret, Poland), and
carbomer (TEGO® Carbomer 750 HD) was purchased from Evonik Industries AG (Essen,
Germany). Table 3 shows the composition of the prepared formulations.

Table 2. Physicochemical properties of SMM [48].

Name of Property Specifications
Appearance (color) Colorless or white
Appearance (form) Powder
Molar mass 199.7 g/mol
pH 40to5.5
Clarity and color of solution Colorless and clear
Loss on drying <3.0%
Miscellaneous tests Heavy metals < 0.002%
Residue on ignition <0.1%
Argentometer titration 97.0-103.0%
Solubility (method) H,0O: 100 mg/mL
Solubility (turbidity) Clear

Table 3. Formulation composition.

Content [w/%]

Phase Components (INCI Name) OfW Wio HG
Caprylic/Capric Triglyceride (MCT) 17 23.4 -
Cocos Nucifera oil 3 13 -
A Cera alba - 10 -
Lanolin - 15 -
Vitamin E 0.2 0.2 -
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Table 3. Cont.

Content [w/%]

Phase Components (INCI Name) OfW Wio HG

Sucrose Palmitate, Glyceryl Stearate,
Glyceryl Stearate Citrate, Sucrose, Mannam, 2.5 - -

and Xanthan Gum (Versaflex™ V-175)

B Carbomer - - 0.5

Sodium benzoate 0.5 0.5 0.5

Vitamin U (SMM) 0.1 0.1 0.1

Aqua 76.7 37.8 98.9

2.2. Preparation of Formulations and Their Characteristics

The emulsions (E;O/W, E;W/O) were prepared using a classic emulsification method.
Homogeneous internal phase was slowly added to the external ones (phase A into phase B
in the case of O/W, and phase B into phase A in the case of W/O), and then the systems were
mixed at temperature T = 60 °C using a mechanical stirrer (IKA®) with n = 500 s~ rate for
t = 30 min. To obtain emulsions differing in droplet size, additional homogenization steps
(Ultra Turex homogenizer (IKA-Werke GmbH & Co. KG, Staufen, Germany), n = 12,000 s71,
t=2min, T =25 °C) were performed in the cases of E30/W and E4W/OlIn all cases, vitamin
U was dissolved in water before being added in both of phases.

The vitamin U-loaded hydrogel was prepared using an IKA® mechanical stirrer
(IKA-Werke GmbH & Co. KG, Staufen, Germany) at n = 500 s~! for ¢ = 30 min and
T =60 °C. Vitamin U was added after pre-mixing the remaining formulation ingredients.
All prepared formulations were evaluated for physicochemical properties. Their stability
was tested using the centrifuge method (Andreas Hettich GmbH & Co. KG, Tuttlingen,
Germany) at a speed of 3000 revolutions per minute for 15 min. In the temperature-variable
tests, emulsion samples were placed alternately at T = 40 °C and at T = —20 °C for a
period of 24 h, and the cycles were repeated three times. Both the type of emulsion (by
measuring electrical conductivity) and the pH values were evaluated using a Mettler Toledo
SevenMulti™ pH/conductivity meter (Mettler-Toledo AG, Greifensee, Switzerland). An
optical microscope with a computer-controlled video track (Motic images Plus 2.0 ML)
was used to measure the average drop size of the emulsions. The rheological properties of
the vitamin U-loaded formulations were performed using a Brookfield model R/S Plus
rheometer (Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA) equipped
with a cone-plate measuring system at temperatures of 25 °C and 32 °C in the range of shear
rate from 1 to 100 s~!. Measurements were made before and after the release tests. Each
determination was performed in triplicate. The microbiological stability of SMM-loaded
systems was checked using the Schiilke Mikrocount® Combi kit (Sigma-Aldrich, St. Louis,
MO, USA) [49]. The test vials were placed in an incubator for an incubation time ranging
from 24 to 48 h. No bacteria, mold or yeast was detected.

2.3. Study of Properties of Vitamin U-Loaded Formulations

All prepared formulations were evaluated for physicochemical properties. The evalua-
tion of stability in a cosmetic formulation is related to determining whether any undesirable
changes occurred in the formulation (such as phase separation, change in color, odor, forma-
tion of lumps, etc.). Their stability was tested using the centrifuge method (Andreas Hettich
GmbH & Co. KG, Tuttlingen, Germany) at the speed of 3500 revolutions per minute for
15 min, and for the temperature-variable tests, emulsion samples were placed alternately
at T=40°Candat T = —20 °C for a period of 24 h; the cycles were repeated three times.
Both the type of emulsion (by measuring electrical conductivity) and the pH values were
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evaluated using a Mettler Toledo SevenMulti™ pH/conductivity meter (Mettler-Toledo
AG, Greifensee, Switzerland). An optical microscope (Motic LED BA210, Xiamen, China)
equipped with a CCD camera and connected to digital image processing software (Motic
Images Plus 2.0 ML Xiamen, China) was used to observe the emulsions’ morphology and
measure droplet size. Automatic calculations were performed on the microscope images,
and the average diameter of the droplets was calculated from the average circumference
of the object using the formula for the circumference of a circle. For non-homogenized
emulsion samples, the average number of objects was 650, and for homogenized emulsions,
it was 960. In contrast, the average diameter of the object for non-homogenized emulsion
was between 9.5 and 10.9 micrometers, and for homogenized emulsion it was between
6.3 and 7.8 micrometers. The rheological properties of the vitamin U-loaded formulations
were performed by use of a Brookfield model R/S Plus rheometer equipped with a cone-
plate measuring system at temperatures of 25 °C and 32 °C in the range of shear rate from
1 to 100 s~ 1. Measurements were made before and after the release tests. The microbiologi-
cal stability of systems containing SMM was tested using the Schiilke Mikrocount® Combi
kit [50]. The tests were performed on fresh samples and after 14 and 28 days. At the time of
testing, the test vials were placed in an incubator for 24 to 48 h and then checked for the
presence of pathogenic microorganisms.

2.4. Vitamin U Release Studies

The release study was carried out at temperature T = 32 °C in thermostatic diffusion
cell system using Spectra/Por (Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA)
standard regenerated cellulose (RC) dialysis membrane (MWCO; 6-8 kDa). Phosphoric
buffer (PBS of pH = 7.4) was used as a receptor solution because it is the most commonly
recommended receptor medium for in vitro release testing, providing sink conditions and
analytical stability of SMM (S-methylmethionine). The dialysis bags were filled with prepared
formulation samples of 3 g and placed in thermostatic chambers filled with 200 mL of PBS to
maintain sink conditions. At specified intervals during 24 h, 1 mL samples were withdrawn
from the receptor compartment, and an equivalent amount of solvent was added in order
to maintain a constant volume. The number of replicates per formulation was n = 3. The
concentration of vitamin U in the receptor solution was determined based on the modified
conventional ninhydrin method [51-53] by use of a Macherey-Nagel UV-Vis spectrophotome-
ter (Macherey-Nagel GmbH & Co. KG, Diiren, Germany). To each of the analyzed samples,
ethanolic solution of ninhydrin (2 w/%) was added in a 1:1 ratio and heated for 15 min.
Then, the absorbance at a wavelength of 568 nm was measured. The concentration of SMM
was calculated on the basis of the pre-determined calibration curve of absorbance, (A), as a
function of SMM concentration (Csp) (A = 0.0023 - Cspaur + 0.0186; R? > 0.999).

2.5. Evaluation of Release Kinetics

The analysis of vitamin U release was evaluated by linear regression for four mathemat-
ical models: zero-order (1), first-order (2), Higuchi (3) and Korsmeyer-Peppas (4) [54,55]:

Qr=Qo+Ko-t 1

log Qr = log Qo — K:/2.303 )
Qi =Qo+Kg - t'/? 3)
Qr=Qo + Kpp - 1" (4)

where
Qi—the amount of drug dissolved in time t;
Qop—the initial amount of drug (most times, Qp = 0);

https:/ /doi.org/10.3390/standards6030027


https://doi.org/10.3390/standards6030027

Standards 2026, 6, 27

9o0f 16

Ky—=zero-order release constant;
K—first-order rate constant;

Ky—Higuchi kinetic constant;
Kpp—Korsmeyer-Peppas release constant;
n—diffusional release exponent;

t—time.

3. Results and Discussion
Characteristic of the Formulations

Kinetically stable vitamin U-loaded emulsions with droplet sizes ranging from
7 t0 12.5 um and SMM-loaded hydrogels (HG) were obtained. Table 4 presents the proper-
ties of the obtained formulations. According to the assumptions, depending on the type of
emulsifier used, two different types of stable emulsions (W /O or O/W) were obtained. The
use of the homogenization process, as an additional step of the emulsification procedure,
allowed for emulsions (E30/W, E4W/O) with a higher degree of internal phase dispersion
to be obtained (Table 4, Figure 2), with mean droplet diameters approximately 3 pm lower
than in non-homogenized emulsions (E;O/W, E;W/O). All obtained preparations exhib-
ited pH values slightly above physiological skin pH (5.9-6.1), ranging between 6.6 and 7.1.
Although these conditions do not fully reflect the physiological skin surface environment,
they were selected to ensure formulation stability and compatibility with in vitro release
testing conditions.

Table 4. Physical properties of emulsions.

Stability
Conductometric The Droplet Size
Methods of Th 1 P
F Nan;et9f Centrifugal ¢ oS;g ks erma ( :I’:’gD) Method, [mS/cm] d [pm]
ormufations Method (£SD) (£SD)
0°C 40°C
E;O/W + + 6.99 + 0.1 1492 + 0.1 10.4 + 0.5
E;W/0 + + 7.01 +0.52 0.085 £+ 0.1 114 £ 0.1
E;O/W + + 6.89 + 0.1 1471+ 0.1 73+05
E4sW/O + + 6.61 +0.19 0.085 £ 0.1 75+0.3
HG + + 6.77 +0.42 1235 £ 0.1 -

+ stable formulation; E;O/W, E;W/O—non-homogenized emulsions; E30/W, E;W/O—homogenized emulsions;
HG—hydrogel.

E3 O/W E1 O/W E4 W/O
100,000 100,000 100,000
* -
0 10,000 ., 0 10,000 0 10,000 AA‘AA
& *o & s & s,
T 1,000 *00q T 1000 { "n T 1000 ay,
z w e " z “a
® 100 ] 100 4 ] 100
o o o
@ M H
s 10 s 10 4 s 10
1 T T 1 T T 1 T
1 10 100 1000 10,000 1 10 100 1000 10,000 1 10 100 1000 10,000
Shear Rate (s™') Shear Rate (s™') Shear Rate (s™")
E2 W/O HG
100,000 100,000
¢ E3OW
@ 10,000 X x5 @ 10,000 = E1OW
g ey g %
E 1,000 { X% E 1,000 { 2 A E4WO
XX X E2WIO
% 100 % 100 %
o o X HG
H H
S 10 4 S 10 4
1 1 All plots are shown on
1 10 100 1000 10,000 110 100 1000 10,000 fogarithmiciscates.
Shear Rate (s™') Shear Rate (s')

Figure 2. Viscosity curves of the SMM-loaded formulations (T = 32 °C).
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No phase separation was observed in the centrifugal test or during accelerated
aging. Microbiological stability tests did not reveal contamination by bacteria, molds,
or pathogens.

Based on microscopic analysis, it was confirmed that homogenization enhanced
the degree of internal phase dispersion. Droplet diameters ranged from approximately
7.5 to 8.1 pm and were smaller than those observed in non-homogenized emulsions. This
reduction in droplet size is particularly relevant, as it increases the interfacial surface area
available for mass transfer, which may significantly influence release kinetics. It can also be
noted that the homogenization process resulted in more homogeneous systems.

Viscosity changes during storage were small (<10% relative to initial values). The
structure of O/W emulsions remained stable, and SMM did not destabilize the systems. It
should be emphasized that these findings refer to short-term stability evaluation only and
do not allow for conclusions regarding long-term shelf-life performance.

Figure 2 presents the viscosity curves of the prepared SMM-loaded formulations.
All samples exhibited shear-thinning behavior, with viscosity decreasing as shear rate
increased, indicating non-Newtonian, pseudoplastic flow. O/W emulsions showed lower
viscosity compared to hydrogels and W/O emulsions.

Viscosity is a key parameter in cosmetic and pharmaceutical formulations, affecting
spread ability, sensory properties, and diffusion behavior [56].

In the present study, the analysis of release kinetics was limited to physicochemical
characterization and aimed at evaluating formulation-dependent differences, rather than
predicting in vivo performance or therapeutic efficacy.

The amount of SMM released was expressed as the fraction of the total incorporated
substance as a function of time. Figure 3 shows the release profiles of vitamin U from the
investigated formulations.
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Figure 3. Profiles of SMM release from emulsions differing in type and droplet size and from hydrogel
(as reference samples).

For hydrogels and O/W emulsions (E;O/W, EzO/W), a high percentage of SMM
release was observed, reaching a plateau (~100%) after approximately 300, 400, and 480 min,
respectively. In contrast, W/O emulsions (E;W/O and E,W/O) showed lower maximum
release values (above 87% and 63%, respectively).

The observed differences are related to the hydrophilic nature of SMM (logP = —3.3).
Hydrophilic compounds are preferentially released from hydrophilic matrices such as
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hydrogels and O/W emulsions (containing 76.7% and 98.9% water, respectively), whereas
release from lipophilic bases such as W/O emulsions is limited.

Additionally, droplet size plays a critical role in the release process. Smaller droplets
increase the interfacial surface area and reduce diffusion path length, facilitating the mass
transfer of the active substance into the release medium. This is consistent with the higher
release rates observed for homogenized systems.

A relationship between viscosity and release behavior was also observed (Table 5):
lower viscosity systems exhibited higher SMM release rates, likely due to reduced diffu-
sional resistance.

Table 5. The influence of products’ viscosity on vitamin U release process.

Viscosity [mPa-s]

Type of Emulsion (y=50s—1,T=32°C) Release Amount for 7 h [%]

(+SD) (£SD)
E,O/W 190 £ 60 99.8 £ 0.2
E,W/0 6680 £ 740 563 £ 1.7
E;O/W 800 + 110 93.6 +£23
E4sW/O 769+ 220 732+14
HG 1820 £ 100 99.3 £ 0.5

After 7 h, the percentage of released SMM reached 99.8% for non-homogenized O/W
emulsion (E;O/W) and 93.6% for homogenized emulsion (E3O/W). The extension of the
study duration to 24 h allowed for confirmation of complete release profiles and enabled a
comparison between formulations with both rapid and sustained release characteristics.

Viscosity appears to significantly influence active ingredient transport. O/W emul-
sions, characterized by lower viscosity, exhibited higher release rates.

The release data were fitted to several kinetic models (zero-order, first-order, Higuchi,
and Korsmeyer-Peppas) to better understand the release mechanism. The coefficient of
determination (R?) was used to identify the best-fitting model, and the corresponding
kinetic parameters were calculated (Table 6).

Table 6. The kinetic model parameters fitting the release results.

Model
Formulation  Zero-Order First-Order Higuchi Korsmeyer-Peppas
K K K K
2 o 2 t 2 H HP 2
R [ug/h] R [h~1] [ug/h2]  [h~] R "
E,O/W 0.6897 0.0002 0.5726 0.0355 0.6897 0.0001 0.0016 0.9404 0.51
E;O/W 0.5790 0.1956 0.5267 0.1347 0.5790 0.0978 11.1621 0.8250 0.1
E;W/0 0.7188 0.0670 0.5476 0.1188 0.7188 0.0335 8.8203 0.9563 0.59
EsW/0O 0.7602 0.0694 0.5420 0.1185 0.7602 0.0347 0.4089 0.9703 0.6
HG 0.5392 0.9542 0.5226 0.1574 0.5392 0.4771 28.0079 0.7931 0.2

The release kinetics of vitamin U from the cosmetic formulations were evaluated using
zero-order, first-order, Higuchi, and Korsmeyer-Peppas models. The goodness of fit was
assessed based on the coefficient of determination (R?).

Among the tested kinetic models, the Korsmeyer—Peppas model provided the best
fit for all formulations, with R? values ranging from 0.7931 to 0.9703. In comparison,
the zero-order, first-order, and Higuchi models exhibited considerably lower coefficients
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of determination (R? = 0.5226-0.7602), indicating that these models did not adequately
describe the release behavior of vitamin U.

The highest goodness of fit was observed for formulation EsW/O (R? = 0.9703),
followed by E,W/O (R? = 0.9563) and E;O/W (R? = 0.9404), suggesting that the release
of vitamin U from these emulsions is predominantly governed by mechanisms described
by the Korsmeyer-Peppas model. Formulations E30/W (R? = 0.8250) and the hydrogel
(HG) (R? = 0.7931) also followed this model, although with a lower degree of correlation,
indicating a more complex release behavior.

The release exponent (n), determined using the Korsmeyer-Peppas model, provided
additional information regarding the release mechanism. Formulations E;W/O (n = 0.59)
and E4W/O (n = 0.60) exhibited higher n-values, suggesting a slight deviation from ideal
Fickian diffusion [57,58] and potentially indicating anomalous (non-Fickian) transport, in
which both vitamin U diffusion and relaxation (swelling) of the polymeric chain contribute
to the release process. In contrast, formulation E3O0/W (n = 0.10) and the hydrogel (HG,
n = 0.20) were characterized by significantly lower n-values, suggesting that vitamin U
release was primarily controlled by Fickian diffusion.

Overall, these findings indicate that the Korsmeyer-Peppas model most accurately
describes vitamin U release from all investigated cosmetic formulations. Moreover, the
emulsion systems, particularly the W/O formulations, exhibited more complex release
mechanisms involving both diffusion and matrix relaxation, whereas the hydrogel and
formulations E3O/W and E;O/W showed diffusion-dominated release.

To the best of our knowledge, no published studies have described the release of
SMM (vitamin U) from conventional cosmetic formulations such as emulsions or hydrogels.
Previous work by Koksal et al. investigated microencapsulated cabbage extract intended
for oral delivery. Release was evaluated under simulated gastrointestinal conditions over
48 h and showed pronounced pH-dependent behavior. Under simulated gastric conditions
(pH 1.2), only approximately 27% of the encapsulated extract was released, indicating
good stability of the microcapsules in an acidic environment. In contrast, under simulated
intestinal conditions (pH 7.4), cumulative release reached 93.6% for gelatin/gum Arabic
microcapsules and 82.9% for gelatin/sodium alginate microcapsules. More than 50% of
the encapsulated extract was released within the first 4 h, followed by a slower, sustained
release phase, consistent with an initial burst release from the microcapsule surface and
subsequent diffusion-controlled release from the capsule core [13].

In contrast, the present study provides the first baseline release data for conventional
cosmetic vehicles, which are directly relevant to topical formulation development.

Kinetic analysis indicated that the release of vitamin U from the emulsions was
predominantly diffusion-controlled. These findings suggest that oil-in-water emulsions
may represent promising carriers for the topical delivery of SMM owing to their favorable
in vitro release characteristics.

However, it should be emphasized that the dialysis membrane model employed in
this study evaluates formulation-controlled release rather than skin permeation. Therefore,
the obtained results cannot be directly extrapolated to in vivo conditions. Further studies
using biologically relevant models, such as Franz diffusion cells with excised human or
porcine skin, are required to evaluate skin penetration and confirm the suitability of these
formulations for dermal delivery.

4. Conclusions

The obtained results confirmed the high physicochemical and microbiological stability
of the prepared vitamin U-loaded formulations. It should be noted, however, that this sta-
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bility evaluation was limited to short-term observations and does not allow for conclusions
regarding long-term shelf-life performance.

The results of the release study demonstrated that the type of cosmetic base signif-
icantly influences the release of SMM. The greatest amount of the active substance was
released from the hydrogel and O/W emulsions, where diffusion into the acceptor solu-
tion reached approximately 100% after 7 h. In contrast, for water-in-oil emulsions, the
release reached 56.3% and 73.2% of the initial amount for non-homogenized (E;W/O)
and homogenized (E4W/O) systems, respectively. These differences can be attributed to
the hydrophilic nature of SMM, as well as formulation parameters such as droplet size
and viscosity, which affect the interfacial surface area and mass transfer kinetics. The
droplet size of the internal phase influenced the rate of SMM release, particularly in W/O
emulsions, where homogenization led to improved release profiles.

In conclusion, O/W emulsions demonstrated more favorable release characteristics
compared to W/O systems and may be considered promising carriers for SMM in topical
formulations. However, it should be emphasized that the present study was limited to
in vitro physicochemical release using a dialysis membrane model. Therefore, the results
reflect formulation-controlled release rather than skin permeation and cannot be directly ex-
trapolated to in vivo conditions or biological efficacy. Additionally, the exploratory nature
of the study, including the lack of batch-to-batch reproducibility and absence of dedicated
control formulations, represents a limitation that should be addressed in future work.

Directions for Future Research

Vitamin U (SMM), apart from its well-known gastroprotective effects, has been re-
ported to exhibit properties that may support skin regeneration, including the stimulation
of cell proliferation and inhibition of collagen degradation. The available patent literature
suggests its potential as a dermal cosmetic ingredient with regenerative and anti-aging
applications, as well as its compatibility with various formulation types. Due to the limited
availability of peer-reviewed data, a more detailed discussion is currently not possible. In
future studies, plant-derived (natural) vitamin U will be obtained, and its release behavior
may be comparatively evaluated against synthetic S-methylmethionine (SMM). In vitro
permeation studies using Franz diffusion cells and biologically relevant membranes will
also be considered, together with the assessment of skin retention and the potential bi-
ological activity of SMM-containing formulations. Advanced delivery systems, such as
nanoemulsions and liposomes, may be further investigated. In addition, batch-to-batch
reproducibility and the long-term stability of the developed formulations will be evaluated.
In the future, investigations should include additional characterization parameters, such as
droplet size distribution and zeta potential measurements, to further evaluate the long-term
stability and structural properties of the developed formulations.
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