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Abstract: Antioxidants are important substances used in the cosmetic and pharmaceutical fields that
are able to block free radicals. These compounds can be incorporated into formulations for many
reasons, such as release over time or preservation of the formulation activity and applicability. In
the present study, a low-molecular-weight gel made with Boc-L-DOPA(Bn)2-OH was studied as
suitable material to host antioxidants and improve their activity. The solvent change (DMSO/H2O)
in combination with temperature was the technological procedure for the preparation of the gel.
Two different antioxidants were tested: (1) α-tocopherol and (2) postbiotics. The antioxidant activity
of α-tocopherol and of the postbiotics in the gel, measured by the (2,2-diphenyl-1-picryl-hydrazyl
radical (DPPH) assay, showed higher values than those in the pure solvent. The antioxidant activity
of the gel with 0.8 w/v% of gelator and α-tocopherol in the concentration range of 5–100 µM was
2.7–1.1 times higher on average than in the pure solvent. In the case of both postbiotics, the biggest
difference was observed at 30% of postbiotics in the gel with 0.5% of a gelator, when the antioxidant
activity was 4.4 to 4.7 times higher than that in the pure solvent.

Keywords: low-molecular-weight gel; antioxidant activity; α-tocopherol; self-assembly; postbiotics;
DPPH assay

1. Introduction

Low-molecular-weight gelators (LMWGs) are small molecules that can self-assemble
inside a solvent, leading to the formation of a physical gel [1]. The formation of this class
of gels occurs thanks to non-covalent interactions, including hydrogen bonding and π-π
stacking, and it leads to the formation of reversible materials as opposed to other classes of
materials, such as the polymeric ones [2,3]. These gels are characterized by several benefits
in the cosmetic industry (encapsulation of substances and better penetration through the
skin [4] and the release of fragrances [5]), in the food industry (transfer of substances
to targeted places without their disintegration) [6], in medicine for the controlled drug
delivery [7], as well as in the environmental field [8–11] and the biomedical one [12]. A
variety of bioactive molecules, such as antibiotics or antioxidants, can be encapsulated
in the gel matrix through additional non-covalent interactions to form smart and highly
functionalized gels [13,14].

The number of papers on the encapsulation of antioxidants in gels is mainly limited to
polymeric systems [15–19]. The encapsulation often resulted in a similar behavior of the antioxi-
dant, sometimes with a preservation of its activity and sometimes with a small improvement.
The same studies of encapsulation of antioxidants inside low-molecular-weight (LMW) gels are
still very limited, which makes this field of research very interesting and appealing.

Salazar-Bautista et al. [20] reported the preparation of gel nanoparticles suitable for
the controlled delivery of antioxidants. They observed that depending on the structure
of the antioxidant, their encapsulation inside LMW gels could be involved in the for-
mation of supramolecular interactions (H bondings and π-π stacking) with the fibrous
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three-dimensional network of L amino acid-based gelators. Wei et al. [21] reported a gel
functionalized with ferulic acid with quite a high antioxidant efficiency and even improved
cutaneous wound healing.

Antioxidants are important substances for in vivo applications in cosmetics as well as
in pharmaceutics and can be incorporated into gels [22] or other formulations to be released
over time, but they also may improve and preserve the gel activity and applicability.

The occurrence of injury is closely linked to the generation of free radicals and, thus,
oxidative stress [16]. It is well known that free radicals damage fatty acids, deoxyribonucleic
acid, proteins, and other important bio compounds not only in the body but also on/in
the skin [23]. Antioxidants are important compounds able to block the formation of these
dangerous free radicals. As fatty acids are part of cell membranes, free radicals become
dangerous for any cell and destroy the functions of the cells they attack. This mechanism
explains the formation of atherosclerosis (hardening of blood vessels), rheumatic diseases,
premature skin aging, skin barrier disruption, skin inflammation, diabetes, and many other
diseases that many of us have in our “daily order” [24,25].

α-tocopherol is a primary antioxidant that can break and block the chain reaction in
the initiation phase of oxidative stress by donating an electron to stabilize the existing free
radical, and its effect has been widely studied [26]. It is the most active biological form
among the eight forms of vitamin E. For this reason and it may be dispensed by oral as well
as by topical application [27], as dermal penetration is extremely effective [28].

Postbiotic complexes can be obtained by fermentation of suitable matrices with living
probiotics, followed by cell rupture, that produces a complex mixture containing only parts
of its DNA, exopolysaccharide complexes, peptides, organic acids, cell wall, and membrane,
as well as many other active by-products. The composition depends on the specific matrix
and the specific probiotic strain [29]. Postbiotics have been recently used as new antiox-
idants in food-based products, cosmetic formulations, and pharmaceutical preparations.
Although the contribution of probiotic bacteria ingested through food and nutritional
supplements in the intestinal microbiota has already been studied by researchers in several
respects, the protective effects of postbiotics as by-products of probiotics against oxidative
stress caused by free radicals on skin exposure have not yet been evaluated enough. The
current cosmetic industry offers them in the formulations such as creams, serums, masks,
or gels [30]. However, according to ISO 17516:2014, their further development in cosmetics
in order to meet the microbiological safety limits of cosmetics is questionable. Therefore,
when it comes to cosmetics, products contain extracts, lysates, or products of the fermen-
tation process made from bacteria (referred to as postbiotics) rather than living cultures
(probiotics). The antioxidant activity of postbiotics has been documented by Feng and
Wang [31] or Ácsová et al. [32].

In this work, the antioxidant activity of two types of antioxidants, both in solutions
and in supramolecular gels, were compared. First, α-tocopherol was chosen as a model
molecule because it is a widely studied antioxidant. Then, after the positive results obtained
in gels with this simple system, we expanded our study to postbiotics, which are a novel and
more complex class of antioxidants. In particular, postbiotics obtained by lysing of living
Gram-positive bacterial species Lactococcus lactis and Bifidobacterium longum were evaluated.

The supramolecular gels were prepared by self-assembly of Boc-L-DOPA(Bn)2-OH.
This gelator was chosen because of its easy synthesis in a multigram scale, its ability to form
gels under several conditions (also hosting inorganic crystals [33] or small molecules [5]),
and its biocompatibility [34].

The optimal experimental parameters, such as the concentration of Boc-L-DOPA(Bn)2-
OH and of the antioxidant substances, the conditions to prepare the desired gels, and
the experimental conditions to perform the DPPH test on the resulting gel matrices, were
identified and optimized. For both types of antioxidants, significative enhancement in the
antioxidant activity inside the supramolecular LMW gels was found.



Cosmetics 2023, 10, 38 3 of 12

2. Materials and Methods
2.1. Materials
2.1.1. Chemicals

2,2-diphenyl-1-picryl-hydrazyl radical (•DPPH,≥99%) was purchased from Sigma-Aldrich
(Taufkirchen, Germany), α-tocopherol (>96%) from Sigma-Aldrich (Germany), and L-DOPA
was purchased from TCI. Ethanol, Methanol, Milli-Q Water (Millipore, resistivity = 18.2 mΩ cm),
and Dimethyl Sulfoxide (DMSO) were purchased from Sigma-Aldrich (Germany).

2.1.2. Postbiotics

(1) ProRenew Complex CLR as well as (2) Repair Complex CLR are yellowish-white
mixtures obtained by lysing of living Gram-positive bacterial species Lactococcus lactis and
Bifidobacterium longum, respectively. The method of lysis was chosen on the basis of empiri-
cal evidence, which is obtained by cell biological research on skin cells at CLR—Chemisches
Laboratorium Dr. Kurt Richter GmbH (Berlin, Germany). These lysates (postbiotics) were
fermented under special conditions of catabolic repression. No fractions were isolated after
cell disintegration, thus ensuring the presence of all components in the complexes in their
natural distribution—fragments such as DNA, metabolites, cytoplasmic compounds, and
cell wall materials. In addition, after disintegration, stabilizing preservatives were added
to the mixtures of postbiotics in an acidic, aqueous buffer medium to prevent the growth of
any microorganisms. ProRenew Complex CLR and Repair Complex CLR consist of 98% of
Lactococcus Ferment Lysate and Bifida Ferment Lysate, respectively.

2.2. Methods
2.2.1. Solutions of Tested Substances

Solutions of α-tocopherol were prepared in ethanol in the concentration range from 5
to 100 µM.

Both postbiotics (1) ProRenew Complex CLR and (2) Repair Complex were prepared
as aqueous solutions in the concentration range from 30 to 80% v/v.

2.2.2. Synthesis and Characterization of Boc-L-DOPA(Bn)2-OH

Boc-L-Dopa(Bn)2-OH ((S)-3-(3,4-bis(benzyloxy)phenyl)-2-((tert-butoxycarbonyl)amino)
propanoic acid) was synthesized as reported previously [33,35].

2.2.3. Preparation of Gels with α-Tocopherol

Boc-L-DOPA(Bn)2-OH was dissolved in DMSO to a final concentration of 0.8 or 1.0%
w/v, and the mixture was stirred in a water bath at 55 ◦C for 5 min to allow complete
dissolution. Moreover, α-tocopherol was dissolved in ethanol for the preparation of stock
solutions (1 mM), and subsequently, this was added to the mixture of Boc-L-DOPA(Bn)2-
OH in DMSO in specific volumes. Finally, water was added to DMSO in a ratio of 3:7, 2:8,
or 1:1, respectively, and the mixture was allowed to rest at room temperature for 16 h to
allow gel formation. The composition of gels with incorporated α-tocopherol is shown in
Supporting Information (Table S1).

2.2.4. Preparation of Gels with Postbiotics

Boc-L-DOPA(Bn)2-OH was dissolved in DMSO to a final concentration of 0.5% w/v,
and the mixture was stirred in a water bath at 55 ◦C for 5 min to allow complete dissolution.
Moreover, postbiotic (1) or postbiotic (2) was heated to a temperature of about 35 ◦C and
subsequently added to the mixture of Boc-L-DOPA(Bn)2-OH with DMSO, using different
amounts depending on the different concentrations of postbiotics in the final product. The
gels were allowed to rest for at least 4 h before analyses. The composition of gels with
incorporated postbiotics in the different concentrations is shown in Table S2.
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2.2.5. Optical Microscopy

Gels were deposited after formation on microscope slides while still wet. The time
required for the acquisition was very short compared to the time needed for the solvent
(DMSO/H2O) to evaporate, thus ensuring that the sample was still wet and hydrated and
avoiding drying artifacts. The optical microscope images were recorded using a Nikon
(Minato, Japan) 13 ECLIPSE Ti2 Inverted Research Microscope was used to collect the images.
Nikon (Minato, Japan) 13 ECLIPSE Ti2 Inverted Research Microscope with a 10× magnifier.

2.2.6. Rheological Properties

Rheological properties of the gels were analyzed 16 h after their preparation with an
Anton Paar Rheometer MCR 102. Experiments were performed at a fixed temperature of
23 ◦C (controlled by an integrated Peltier system). Time sweep experiments were performed
using the parallel plate geometry (PP25) at a constant shear strain (γ) of 0.05% and a constant
angular frequency (ω) of 10 rad/s, collecting 1 point every 20 s. Each gel sample (3 mL) was
prepared in a Petri glass (diameter = 30 mm), and the experiment was started immediately
after the addition of the trigger, setting a gap of 4.0 mm. Oscillatory amplitude sweep
experiments (γ: 0.01–100%) were performed at a constant angular frequency of 10 rad/s.
The gel samples were prepared as described and tested directly in Sterilin Cups®, which fit
in the rheometer, setting a fixed gap value of 2.1 mm.

2.2.7. Determination of DPPH Radical Scavenging Activity (in Gel/in Solution)

The antioxidant potential of tested substances was investigated for the scavenging
activity of DPPH radicals [32] with slight modification for determination in a cuvette spec-
trophotometer. Both postbiotics were evaluated (i) as a 30, 50, 60, 70, and 80% (v/v) aqueous
solution or (ii) as a gel with incorporated postbiotics in the same concentration as solutions.
An amount of 2 mL of the solution/gel with postbiotics in a specific concentration was re-
acted with 667 µL of DPPH radical solution (0.3 mM in methanol). After 30 min of reaction
in the dark, mixtures of gels with DPPH radicals were centrifuged (4400 rpm/6 min/20 ◦C)
due to the hard spectrophotometric measurement of non-transparent gels. An amount of
1 mL of supernatant was transferred into the quartz cuvette, and the absorbance was mea-
sured at 517 nm against DMSO with a Cary 300 UV-vis double-beam spectrophotometer.

2.2.8. Statistical Analysis

Every assay was performed in triplicates, and data are given as the average with
standard deviation (SD). Statistical data were obtained by one-way analysis of variance
(ANOVA) followed by Bonferroni’s test for comparison of gels with the solution form of
the test substance. Differences were considered significant at p < 0.05(*).

3. Results and Discussion
3.1. LMW Gels with α-Tocopherol

In this work, Boc-L-DOPA(Bn)2-OH (Figure 1) was used for the formation of gels con-
taining two classes of antioxidants: α-tocopherol and postbiotics. This specific gelator was
chosen as it may be easily prepared in a multigram scale starting from commercially avail-
able L-Dopa and can form robust gels under several conditions in very low concentrations,
even with the addition of different species [5,33].

The first antioxidant studied in this work is α-tocopherol, one form of vitamin E
commonly used in the food, cosmetic, and pharmaceutical industries [36].

The first goal was its solubilization and incorporation inside DMSO/H2O gels of
Boc-L-DOPA(Bn)2-OH. For this aim, three major requirements had to be satisfied: the
gels had to be mixed by a uniform process to create homogeneous matrices and avoid the
formation of precipitates; the gel should form in a short time, ranging from some hours
to max 1 day, to avoid longer experimental time; and, finally, a gel should form for any
antioxidant concentration that we decided to test.
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Due to the high lipophilicity of α-tocopherol, it is advisable to prepare a lipophilic
solution of the antioxidant, which is then incorporated into the gel [20,37]. Following this
approach, in the study by Patel et al. [37], gels of 12-hydroxystearic acid with α-tocopherol
were formed at high gelator concentration (5% w/v) by dissolving the antioxidant in the
oil phase at high temperature. Thus, we tried to dissolve α-tocopherol directly in DMSO
and prepare the DMSO/H2O gels starting from this solvent, but no gel formed under these
conditions. Therefore, a premix stock solution of α-tocopherol in ethanol (1 mM) was
prepared, which facilitated its incorporation into DMSO/H2O (7/3) gel and did not hinder
the gel formation.

The minimum gelator concentration to obtain a gel under these conditions and for all
the EtOH solutions of α-tocopherol (concentrations ranging from 5 µM to 100 µM) was 0.8%
w/v, forming stable and reproducible gels, so this concentration was chosen for further
characterizations (Table S1). The gels were transparent at the beginning of the gelation
process and became whitish overnight, suggesting that fiber formation and entanglement
continue overnight (Figure S1). This hypothesis was confirmed by the time sweep analysis
(Figure S2), where it is possible to see that even after a few minutes, G’ is already higher
than G”, and its value continues to increase for hours before reaching a plateau. Amplitude
sweep measurements were used to determine the mechanical properties of the gels and to
check the effect of antioxidants addition on the gel network. The presence of α-tocopherol
did not cause big changes in the rheological properties of gels in the range of concentration
of α-tocopherol tested, as reported in Figure S3. The morphology of the gels shows a
network of long entangled fibers in the presence of both the lowest (5 µM) and the highest
(100 µM) concentration of α-tocopherol (Figure S4).

Gels with 1% w/v of Boc-L-DOPA(Bn)2-OH were also prepared in the same conditions
to compare the antioxidant activity of α-tocopherol in gels with different concentrations of
gelator (0.8% and 1.0% w/v). The aim was to determine whether the gelator content affects
the overall antioxidant activity of the gel proportionally or not. These samples formed in a
few hours as the gels with 0.8% w/v (Figure S1).

The antioxidant ability of the two sets of gels containing α-tocopherol was evaluated
by testing their scavenging efficacy of 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical,
which is a compound able to donate an electron or hydrogen atom to neutralize radicals
(Figure S5) [38]. Prior to the analysis of the ability to inhibit DPPH, the gel was disrupted
due to its strength by gentle mixing with DPPH radical solution and then incubated in the
dark for 30 min.

The antioxidant activity of α-tocopherol in ethanol solutions (black bars) and in gels
in both concentrations (bars with dots or lines) was compared (Figure 2). In any case, the
percentage of DPPH inhibition increased with the increase of α-tocopherol concentration.

Remarkably, the antioxidant activity of gels with α-tocopherol exceeded the activity
of the pure solutions in every concentration analyzed, and was generally higher with gels
with 1% w/v of Boc-L-DOPA(Bn)2-OH than with 0.8% w/v, even though the difference
between the two sets is very small. For example, the antioxidant potential of α-tocopherol
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in 5 µM concentration was 2.7 times higher in 0.8% w/v gels (22.4% of inhibited DPPH
radical) than in a solution (8.3% of inhibited DPPH radical) and 3.5 times higher in 1.0%
w/v gels (29.4% of inhibited DPPH radical) than in a solution.
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As the gel formation usually occurs in 16 h, antioxidant activity measurement was also
feasible in the form of a “pre-gel” solution (before gel formation). The aim was to compare
the antioxidant activity before and after gel formation, analyzing the set of gels containing
the gelator in 0.8% w/v concentration (Figure 3). In the case of the pre-gel solutions, the
antioxidant activity value was slightly lower than that of gels, meaning that the formation
of the fibers of the gel network slightly improves the antioxidant activity of α-tocopherol.
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Cosmetics 2023, 10, 38 7 of 12

The higher values of the gel scavenging effect after its formation could be due to
the binding of α-tocopherol with hydrophilic and hydrophobic groups of the fibers [39].
This may increase the number of α-tocopherol binding sites with DPPH radical during
the scavenging process, as recently reported by Zhang et al. [40], who suggested that
the interactions among one molecule of α-tocopherol and DPPH radical by the partial
reduction in radical and the simultaneous formation of a stable oxidation product has been
mostly completed. This effect may also be enhanced by the presence of a protic solvent
such as water, which can donate a hydrogen atom to the formed radical from α-tocopheryl
quinone, then forming a fully new product. The naturally occurring tetrahydropyran in
α-tocopherol is unbound, and a functional -OH group and p-benzoquinone are formed
from its oxygen and benzene, respectively.

To better understand the role of the solvent in the α-tocopherol antioxidant activity, we
compared the antioxidant activity of three gels with 1% w/v of Boc-L-DOPA(Bn)2-OH and
different ratios of DMSO to H2O (8:2, 7:3 and 1:1) (Figure 4). The fact that the antioxidant
activity of α-tocopherol is influenced by the solvent was also reported by Müller et al. and
by Iwatsuki et al. [41,42], who compared the antioxidant activity of α-tocopherol in apolar
solvent (hexane) and in polar protic ones (methanol), observing a decrease in antioxidant
activity in protic solvents.
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3.2. LMW Gel with Postbiotics (PB)

As Averina et al. mentioned [43], many postbiotics (PB) have naturally scavenged
free radicals by producing their own antioxidant enzymes, such as superoxide dismutase.
The presence of this enzyme has been reported in several cell-free postbiotic extracts [44].
Metabolites of postbiotics as parts of cell walls containing exopolysaccharides, in most
cases uronic acid polysaccharides, could significantly support the inhibition activity of
postbiotics against free radicals [45]. As Abbasi et al. claims [46], it is important to design
and develop new effective delivery systems of postbiotics for reaching their beneficial
action in targeted tissue in the human body as well as on the skin. Most recently, PB has
been recognized as a valuable raw material in the development of a new type of gels for
the adjuvant treatment of teeth periodontitis [47].

Following the procedure previously established for the α-tocopherol containing gels,
gels containing our samples of PB, Repair (1), and ProRenew (2) were prepared. In this
case, the addition of ethanol was completely avoided, as PB is available in an aqueous
medium and is able to trigger gel formation when added to gelator solutions of Boc-
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L-DOPA(Bn)2-OH in DMSO. The minimum gelator concentration to obtain a gel under
these conditions is 0.5% w/v, so this concentration was chosen for further characterization
(Table S2). Although these PB solutions may trigger the gel formation when added to
gelator solutions in H2O/NaOH, in this work, we focused our attention on the gels obtained
from DMSO to maintain the same conditions as the α-tocopherol gels. Furthermore, PB
should now be regarded as an interesting additive, acting, at the same time, as bioactive
substances entrapped in the gel network, antioxidants, and trigger for LMW gel formation
in different conditions (from organic solvent to water).

The final pH values of both PB complexes were evaluated, and their value was
determined to be 4.13 for Repair (1) and 4.06 for ProRenew (2). With both complexes, the
gels with 30–80% v/v of PB (PB-gels) were prepared (Figure S6), and the gelation time was
shorter (about 10 min) than in the case of α-tocopherol (Figures S7 and S8).

With the smallest amount of PB (30%), we could observe the formation of long entan-
gled fibers with the microscope, while gels with an increased amount of PB showed only
shorter fibers and less ordered networks (Figure S9).

By measuring the viscoelastic properties of the gels, we recorded a slight decrease in the gel
stiffness when increasing the amount of PB in gels (Figures S10 and S11). Gels with the ProRenew
Complex were less strong than gels with the Repair ones. This behavior demonstrates once
again how Boc-L-DOPA(Bn)2-OH is a robust gelator, able to form gels under several conditions
and host other species (α-tocopherol and postbiotics in different concentrations).

The evaluation of the PB gels’ antioxidant activity was obtained by testing their
scavenging efficacy of 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radicals, as previously
reported. Unlike the α-tocopherol gels, PB-gels show a thixotropic behavior, reforming
after mixing with DPPH radical solution. Therefore, after the reaction incubation (30 min),
they were centrifuged before analyzing via a UV-VIS spectrophotometer.

In Figure 5, grey and white bars without any filler are the two postbiotic solutions in
DMSO without a gelator. Bars filled with dots and lines are the PB gels. In all cases, the
antioxidant activity of the gels was higher than that of the PB solutions.
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Figure 5. DPPH radical inhibition (%) by POSTBIOTICS in solution and in gel with 0.5% of Boc-L-
DOPA(Bn)2-OH (mean value ± SD, n = 3). Negative control presents solution of L-DOPA in DMSO.
The stars (*) above the columns indicate a statistically significant difference (p < 0.05) between specific
postbiotics in solution vs. in gel at a given concentration.
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Additionally, the antioxidant activity between gels formed with two gelator concentra-
tions (0.5 and 1.0% w/v) was compared, as it was for α-tocopherol. In this case, the result
was opposite to the previous one, as the antioxidant activity of 1% gels with PB did not
lead to a two-fold increase in antioxidant activity but to a decreased activity compared to
gels with a lower concentration of gelator (0.5% w/v) (Figure 6).
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L-DOPA in DMSO.

4. Conclusions

In this work, we reported a library of supramolecular gels made with Boc-L-DOPA(Bn)2-
OH in DMSO/H2O. These gels are able to host two classes of antioxidants in different
concentrations: α-tocopherol and two postbiotics (Repair and ProRenew) obtained from two
different microorganisms. A wide range of conditions, including (i) antioxidant concentration,
(ii) gelator concentration, and (iii) solvent ratio, was monitored and analyzed to obtain a gel
with the best antioxidant activity without affecting the rheological properties of the gels.

Therefore, we used Boc-L-DOPA(Bn)2-OH, which is a robust gelator, able to form
gels under several conditions and to host both classes of antioxidants efficiently. Besides
the formation of strong materials, we demonstrated that the antioxidant activity was
not only maintained but even significantly enhanced by inserting the antioxidants in the
supramolecular gels.

This interesting result could pave the way for the preparation of many other gels
containing antioxidants of different types. For this reason, we believe that LMW gels could
be successful in the cosmetics and pharmaceutical industries as materials that are able to
host antioxidants and even increase their activity.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cosmetics10020038/s1, and contain—Table S1: Composition of LMW gels
with α-tocopherol; Figure S1: Gels of Boc-L-Dopa(Bn)2-OH with α-tocopherol; Figure S2: Time sweep
analysis of the gel of Boc-L-Dopa(Bn)2-OH 0.8% w/v (DMSO/H2O 70/30) with 5 µM concentration of α-
tocopherol; Figure S3: Amplitude sweep of gels 0.8% w/v of Boc-L-DOPA(Bn)2-OH in DMSO:H2O = 7:3
with incorporated α-tocopherol in a specific concentration; Figure S4: Optical microscope images of gels
(0.8% w/v) of Boc-L-DOPA(Bn)2-OH in DMSO:H2O = 7:3 with incorporated of α-tocopherol; Figure S5:
2,2-diphenyl-1-picrylhydrazyl (DPPH) reaction mechanism; Table S2: Composition of LMW gels with
postbiotics (PB); Figure S6: Gels of Boc-L-Dopa(Bn)2-OH with postbiotics; Figure S7: Time sweep
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analysis of the gel of Boc-L-Dopa(Bn)2-OH 0.5% w/v with 30% of Repair complex; Figure S8: Time
sweep analysis of the gel of Boc-L-Dopa(Bn)2-OH 0.5% w/v with 30% of ProRenew complex; Figure S9:
Optical microscope images showing gel fibers when postbiotics ProRenew Complex or Repair Complex
is used to trigger gelation; Figure S10: Amplitude sweep of gels 0.5% of Boc-L-DOPA(Bn)2-OH in
DMSO:Postbiotics (Repair Complex) in specific concentrations; Figure S11: Amplitude sweep of gels
0.5% of Boc-L-DOPA(Bn)2-OH in DMSO:Postbiotics (ProRenew Complex) in specific concentrations.
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33. Giuri, D.; Jurković, L.; Fermani, S.; Kralj, D.; Falini, G.; Tomasini, C. Supramolecular Hydrogels with Properties Tunable by
Calcium Ions: A Bio-Inspired Chemical System. ACS Appl. Bio Mater. 2019, 2, 5819–5828. [CrossRef] [PubMed]

34. Di Filippo, M.F.; Giuri, D.; Marchiori, G.; Maglio, M.; Pagani, S.; Fini, M.; Tomasini, C.; Panzavolta, S. Self-assembling of fibers
inside an injectable calcium phosphate bone cement: A feasibility study. Mater. Today Chem. 2022, 24, 100991. [CrossRef]

35. Gaucher, A.; Dutot, L.; Barbeau, O.; Hamchaoui, W.; Wakselman, M.; Mazaleyrat, J.P. Synthesis of terminally protected (S)-
β3-H-DOPA by Arndt-Eistert homologation: An approach to crowned β-peptides. Tetrahedron Asymmetry 2005, 16, 857–864.
[CrossRef]

36. Tangpromphan, P.; Duangsrisai, S.; Jaree, A. Development of separation method for Alpha-Tocopherol and Gamma-Oryzanol
extracted from rice bran oil using Three-Zone simulated moving bed process. Sep. Purif. Technol. 2021, 272, 118930. [CrossRef]

37. Patel, A.R.; Remijn, C.; Heussen, P.C.M.; Den Adel, R.; Velikov, K.P. Novel low-molecular-weight-gelator-based microcapsules
with controllable morphology and temperature responsiveness. ChemPhysChem 2013, 14, 305–310. [CrossRef]

38. Sadeer, N.B.; Montesano, D.; Albrizio, S.; Zengin, G.; Mahomoodally, M.F. The versatility of antioxidant assays in food science
and safety—Chemistry, applications, strengths, and limitations. Antioxidants 2020, 9, 709. [CrossRef] [PubMed]

39. Nikiforidis, C.V.; Scholten, E. Self-assemblies of lecithin and α-tocopherol as gelators of lipid material. RSC Adv. 2014, 4,
2466–2473. [CrossRef]

40. Zhang, L.; Zhang, T.; Chang, M.; Lu, M.; Liu, R.; Jin, Q.; Wang, X. Effects of interaction between α-tocopherol, oryzanol, and
phytosterol on the antiradical activity against DPPH radical. LWT 2019, 112, 108206. [CrossRef]

41. Müller, L.; Theile, K.; Böhm, V. In vitro antioxidant activity of tocopherols and tocotrienols and comparison of vitamin E
concentration and lipophilic antioxidant capacity in human plasma. Mol. Nutr. Food Res. 2010, 54, 731–742. [CrossRef]

http://doi.org/10.1016/j.indcrop.2012.05.034
http://doi.org/10.1016/j.cis.2020.102122
http://www.ncbi.nlm.nih.gov/pubmed/32097732
http://doi.org/10.1016/j.foodres.2019.108922
http://doi.org/10.3390/cosmetics9020030
http://doi.org/10.1016/j.colsurfa.2016.11.045
http://doi.org/10.1039/C8TB03147A
http://doi.org/10.3390/antiox11020373
http://doi.org/10.3390/cosmetics9020035
http://doi.org/10.1111/jocd.13991
http://doi.org/10.52700/fcs.v2i2.32
http://doi.org/10.3390/cosmetics8030061
http://doi.org/10.1111/jocd.14907
http://www.ncbi.nlm.nih.gov/pubmed/35274433
http://doi.org/10.1615/CritRevEukaryotGeneExpr.2018022258
http://doi.org/10.3390/ijerph19095701
http://www.ncbi.nlm.nih.gov/pubmed/35565098
http://doi.org/10.1080/19490976.2020.1801944
http://doi.org/10.1007/s11696-021-02018-7
http://doi.org/10.1021/acsabm.9b00828
http://www.ncbi.nlm.nih.gov/pubmed/35021575
http://doi.org/10.1016/j.mtchem.2022.100991
http://doi.org/10.1016/j.tetasy.2004.11.089
http://doi.org/10.1016/j.seppur.2021.118930
http://doi.org/10.1002/cphc.201200942
http://doi.org/10.3390/antiox9080709
http://www.ncbi.nlm.nih.gov/pubmed/32764410
http://doi.org/10.1039/C3RA46584E
http://doi.org/10.1016/j.lwt.2019.05.104
http://doi.org/10.1002/mnfr.200900399


Cosmetics 2023, 10, 38 12 of 12

42. Iwatsuki, M.; Tsuchiya, J.; Komuro, E.; Yamamoto, Y.; Niki, E. Effects of solvents and media on the antioxidant activity of
α-tocopherol. Biochim. Biophys. Acta—Gen. Subj. 1994, 1200, 19–26. [CrossRef] [PubMed]

43. Averina, O.V.; Poluektova, E.U.; Marsova, M.V.; Danilenko, V.N. Biomarkers and Utility of the Antioxidant Potential of Probiotic
Lactobacilli and Bifidobacteria as Representatives of the Human Gut Microbiota. Biomedicines 2021, 9, 1340. [CrossRef] [PubMed]

44. Bourebaba, Y.; Marycz, K.; Mularczyk, M.; Bourebaba, L. Postbiotics as potential new therapeutic agents for metabolic disorders
management. Biomed. Pharmacother. 2022, 153, 113138. [CrossRef] [PubMed]

45. Ahire, J.J.; Jakkamsetty, C.; Kashikar, M.S.; Lakshmi, S.G.; Madempudi, R.S. In Vitro Evaluation of Probiotic Properties of Lactobacillus
plantarum UBLP40 Isolated from Traditional Indigenous Fermented Food. Probiotics Antimicrob. Proteins 2021, 13, 1413–1424.
[CrossRef] [PubMed]

46. Abbasi, A.; Hajipour, N.; Hasannezhad, P.; Baghbanzadeh, A.; Aghebati-Maleki, L. Potential in vivo delivery routes of postbiotics.
Crit. Rev. Food Sci. Nutr. 2022, 62, 3345–3369. [CrossRef]

47. Butera, A.; Gallo, S.; Pascadopoli, M.; Taccardi, D.; Scribante, A. Home Oral Care of Periodontal Patients Using Antimicrobial
Gel with Postbiotics, Lactoferrin, and Aloe Barbadensis Leaf Juice Powder vs. Conventional Chlorhexidine Gel: A Split-Mouth
Randomized Clinical Trial. Antibiotics 2022, 11, 118. [CrossRef]

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.

http://doi.org/10.1016/0304-4165(94)90022-1
http://www.ncbi.nlm.nih.gov/pubmed/8186228
http://doi.org/10.3390/biomedicines9101340
http://www.ncbi.nlm.nih.gov/pubmed/34680457
http://doi.org/10.1016/j.biopha.2022.113138
http://www.ncbi.nlm.nih.gov/pubmed/35717780
http://doi.org/10.1007/s12602-021-09775-7
http://www.ncbi.nlm.nih.gov/pubmed/33761096
http://doi.org/10.1080/10408398.2020.1865260
http://doi.org/10.3390/antibiotics11010118

	Introduction 
	Materials and Methods 
	Materials 
	Chemicals 
	Postbiotics 

	Methods 
	Solutions of Tested Substances 
	Synthesis and Characterization of Boc-L-DOPA(Bn)2-OH 
	Preparation of Gels with -Tocopherol 
	Preparation of Gels with Postbiotics 
	Optical Microscopy 
	Rheological Properties 
	Determination of DPPH Radical Scavenging Activity (in Gel/in Solution) 
	Statistical Analysis 


	Results and Discussion 
	LMW Gels with -Tocopherol 
	LMW Gel with Postbiotics (PB) 

	Conclusions 
	References

