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Abstract: The cosmeceutical industry has increasingly turned its attention to marine
macroalgae, recognizing their significant bioactive potential as sources of natural com-
pounds for skincare applications. A growing number of products now incorporate extracts
or isolated compounds from various macroalgae species. However, many species remain
underexplored, highlighting a valuable opportunity for further research. Among these,
Caulerpa prolifera (Forsskål) J.V. Lamouroux has emerged as a promising candidate for
cosmeceutical applications. This study provides the most comprehensive phytochemical
assessment of C. prolifera to date, revealing its potential as a source of bioactive extracts and
compounds. The analysis identified key components of its lipophilic profile, predominantly
saturated and unsaturated fatty acids, alongside di-(2-ethylhexyl) phthalate—an endocrine
disruptor potentially biosynthesized or bioaccumulated by the algae. While the crude
extract exhibited moderate tyrosinase inhibitory activity, its overall antioxidant capacity
was limited. Fractionation of the extract, however, yielded subfractions with distinct bioac-
tivities linked to changes in chemical composition. Notably, enhanced inhibitory activities
against elastase and collagenase were observed in subfractions enriched with 1-octadecanol
and only traces of phthalate. Conversely, antioxidant activity diminished with the loss of
specific compounds such as β-sitosterol, erucic acid, nervonic acid, and lignoceric acid. This
work advances the understanding of the relationship between the chemical composition
of C. prolifera and its bioactivities, emphasizing its potential as a source of cosmeceutical
ingredients, leading to a more comprehensive valorization of this macroalga.

Keywords: macroalgae; phytochemical profile; cosmeceutical potential

1. Introduction
Skin aging is a multifaceted and dynamic process influenced by a combination of intrin-

sic and extrinsic factors. Intrinsic factors include genetic predisposition, natural metabolic
changes, and hormonal fluctuations that occur with age, while extrinsic factors primarily
involve environmental influences such as UV radiation; pollution; and lifestyle habits
like smoking, diet, and stress. Together, these factors lead to cumulative damage at the
cellular and molecular levels, resulting in visible signs of aging, including wrinkles, loss of
skin elasticity, dehydration, and pigmentation irregularities [1–5]. The complexity of these
processes has resulted in a continuous search for effective strategies to mitigate the effects
of aging, with natural compounds emerging as a promising avenue for intervention [6].

The search for effective anti-aging compounds has garnered significant attention in
recent years due to the growing demand for products that mitigate the visible and functional
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signs of skin aging. Oxidative stress, caused by an imbalance between the production of
reactive oxygen species (ROS) and the skin’s antioxidant defenses, is one of the primary
drivers of aging. ROS can lead to cellular damage, lipid peroxidation, and degradation
of the extracellular matrix (ECM), accelerating the aging process. Therefore, studying the
antioxidant potential of compounds is crucial, as these molecules can neutralize ROS and
protect the skin from oxidative damage [5,7].

In addition to their antioxidant properties, compounds with metal-chelating activity
are also of great interest. Metal ions, such as iron and copper, can catalyze the formation
of ROS through Fenton-type reactions, exacerbating oxidative stress and tissue damage.
Chelating agents bind to these metal ions, reducing their availability to participate in
harmful reactions and providing an additional mechanism to combat skin aging [8,9].

Furthermore, the inhibition of enzymes such as elastase, collagenase, hyaluronidase,
and tyrosinase is a critical parameter in evaluating anti-aging potential. Elastase and colla-
genase degrade key ECM proteins, such as elastin and collagen, leading to the formation
of wrinkles and loss of skin elasticity [3]. Hyaluronidase breaks down hyaluronic acid, an
essential molecule for maintaining skin hydration and volume, contributing to dryness
and reduced firmness [10]. Tyrosinase, involved in melanin synthesis, plays a central role
in hyperpigmentation, which is often associated with aged skin [11]. By targeting these
enzymes, bioactive compounds can preserve the structural and functional integrity of the
skin, reduce signs of aging, and improve overall skin health.

In this context, the cosmeceutical industry has shown growing interest in macroalgae-
based products due to their remarkable antiaging properties. These properties include
potent antioxidant activities that combat oxidative stress, anti-inflammatory effects that
reduce skin irritation, and the ability to protect and maintain the extracellular matrix, which
is essential for skin structure and resilience [6,12]. Additionally, macroalgae-derived com-
pounds are valued for their low cytotoxicity and reduced allergen content when compared
to synthetic alternatives, making them safer and more appealing for consumers seeking
effective yet gentle skincare solutions [13–17]. As a result, macroalgae have gained recogni-
tion as a powerful and versatile resource for the development of innovative cosmeceuticals
that promote skin health and address the multifactorial challenges of aging.

Among the diverse array of macroalgae with bioactive potential, Caulerpa prolifera
(Forsskål) J.V. Lamouroux stands out as a promising candidate. It is widely distributed in
tropical and subtropical waters, including the Caribbean Sea and the Gulf of Mexico. It
is also the only native Caulerpa species in Europe and can be found in the Mediterranean
Sea as well as in subtropical and tropical regions of the Atlantic Ocean [18]. Although it
is considered native to the regions mentioned above, C. prolifera has become invasive in
various other habitats. The westernmost recorded occurrence of this species in European
waters is in the Azores Islands, located in the northeastern Atlantic [19].

Extracts of different polarities from C. prolifera have demonstrated significant antimi-
crobial activity, inhibiting the growth of both gram-positive and gram-negative marine
bacteria [20]. Additionally, studies by Abdel-Wahhab et al. [21] have investigated the hep-
atoprotective properties of an aqueous extract of C. prolifera against aflatoxin B1-induced
hepatotoxicity in female Sprague Dawley rats. Remarkably, pre-treatment with the aqueous
extract of C. prolifera resulted in improvements across all tested parameters, indicating its
hepatoprotective effectiveness.

Additionally, Costa et al. [22] revealed that sulfated polysaccharides extracted from
C. prolifera exhibit anti-proliferative effects, inhibiting cell proliferation by approximately
57% at a concentration of 0.1 mg/mL. Moreover, another subfraction of sulphated polysac-
charides demonstrated high osteogenic potential, enhancing alkaline phosphatase activity,
and promoting the accumulation of calcium in the extracellular matrix without exhibiting
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toxicity against hMSCs-WJ cells at concentrations up to 10 mg/mL after 72 h of exposure.
Furthermore, it was recently found that an extract rich in sulphated polysaccharides from
C. prolifera is capable of suppressing lipid accumulation both in vitro and in vivo [23],
showing the interest in this class of compounds.

Methanolic extracts of C. prolifera have been found to possess significant lipoxygenase
inhibition properties [24]. Furthermore, these extracts were observed to elevate the levels
of antioxidant enzymes in the liver of Coris julis, with activities attributed to the presence
of caulerpenyne within the extract [25].

Caulerpin, a characteristic marine alkaloid with potent antioxidant and anti-inflammatory
activities, which has been studied for its role in mitigating oxidative stress and modulat-
ing inflammatory pathways, has also been identified in C. prolifera [26–28]. Furthermore,
C. prolifera produces sesquiterpenoids, such as furocaulerpin, which has demonstrated
bioactivities including cytotoxicity against cancer cell lines and antioxidant effects, high-
lighting their therapeutic potential [29,30]. Squalene, a highly unsaturated triterpenoid, is
recognized for its exceptional antioxidant activity and protective effects against oxidative
stress-induced damage as well as its ability to enhance skin lipid composition and prevent
moisture loss [31].

The literature indicates that the chemical composition of C. prolifera is influenced by
seasonality, driven by variations in environmental factors such as temperature, nutrient
availability, salinity, and light exposure, among others. This variability should be carefully
considered when proposing the species for industrial applications, as it may impact the
consistency and efficacy of its bioactive compounds [32,33].

This multifaceted range of biological activities highlights the diverse pharmacological
potential of C. prolifera. Despite its potential, this species remains largely underexplored
regarding its cosmeceutical potential, which shows an important gap. In this regard, the
aim of the present work is to bridge this gap by studying the phytochemical composition
of C. prolifera with a focus on its lipophilic profile and key bioactive compounds and to
evaluate its anti-aging potential through the inhibition of enzymes such as tyrosinase,
elastase, and collagenase. Additionally, this study aimed to fractionate the crude extract to
link variations in chemical composition to its antioxidant and enzymatic inhibition capacity
and explore its overall potential as a source of cosmeceutical ingredients.

2. Results and Discussion
2.1. Extracts Preparation

The extraction of C. prolifera biomass was performed by maceration, sequentially
increasing the polarity of the extraction solvents. The extraction process resulted in the
preparation of three extracts with distinct polarity, and the masses obtained for the respec-
tive extraction yields are presented in Table 1.

Table 1. Extract yields resulting from the sequential extraction of C. prolifera.

Extract Solvent Extract Mass (g) Yield (g Extract/100 g d.w)

CP1 Dichloromethane 9.58 4.79
CP2 Acetone 1.06 0.53
CP3 Ethanol 2.71 1.36

This table illustrates the extract yields resulting from sequential extraction of C. prolifera
dry biomass using different solvents, with dichloromethane yielding the highest amount
of extract. In comparison, extraction with acetone resulted in a significantly lower yield,
nearly eight times less than dichloromethane and three times less than ethanol. The better
results obtained with dichloromethane suggest that the C. prolifera biomass presents a
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higher amount of less polar compounds which are more readily extracted by this solvent.
Other works containing information about the extraction yield of this species are scarce and
not comparable to this study due to differing extraction parameters. A study on C. racemosa
and C. lentilifera reported higher yields for chloroform (5.2% and 5.1%, respectively) and
methanol (12.6% and 13.5%, respectively) extracts, obtaining higher yields with the more
polar solvent [34], which is contrary to the observations in the present work. However, it
should be noted that in that study, the extraction was not sequential.

2.2. Bioguided Fractionation of the Extracts
2.2.1. Biological Activities of the Extracts

A bioguided fractionation approach was employed to identify compounds produced
by C. prolifera with potential cosmeceutical applications. The three extracts obtained
were tested for their antioxidant and chelating activities. Additionally, their effects on
enzymes associated with antiaging properties, namely tyrosinase, elastase, collagenase,
and hyaluronidase, were assessed, with the results being presented in Figure 1 (numerical
data can be found in Tables S1 and S2).
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Figure 1. Assessment of the antioxidant and enzymatic inhibition activities of C. prolifera extracts
(250 µg/mL) as determined by the DPPH and ABTS scavenging assays and by the inhibition of
tyrosinase, elastase, and collagenase assays, respectively. Results are presented as % of radical
scavenged for DPPH and ABTS and as % of enzyme inhibition for the enzymatic assays. The standard
compounds were Trolox for DPPH and ABTS, kojic acid for tyrosinase, EDTA for collagenase (all at
250 µg/mL), and N-methoxysuccinyl-Ala-Ala-Pro-chloromethylketone (at 10 µg/mL) for elastase.
Different letters above the bars indicate statistically significant differences (p < 0.05) within each assay.
Bars sharing the same letter within the same assay are not significantly different.

Oxidative stress is a key contributor to skin aging, primarily through the production
of reactive oxygen species (ROS). ROS cause cellular damage, lipid peroxidation, and
degradation of the extracellular matrix (ECM), leading to visible signs of aging.

Additionally, the inhibition of enzymes such as elastase, hyaluronidase, and tyrosinase
provides insights into a compound’s anti-aging potential. Elastase contributes to skin flac-
cidity by degrading elastin, while hyaluronidase accelerates dehydration and reduces skin
volume through the breakdown of hyaluronic acid. Tyrosinase drives hyperpigmentation,
leading to an uneven skin tone. Together, oxidative stress and enzymatic activity exacerbate
the formation of wrinkles, loss of elasticity, and other hallmarks of aging, making the
evaluation of these mechanisms essential for identifying effective anti-aging agents.
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None of the extracts presented an antioxidant effect by the chelating process or
hyaluronidase inhibitory activity at the maximum concentration tested (250 µg/mL), so
these assays were not included in Figure 1.

The results for the antioxidant activity show that CP1 exhibited a low DPPH radical
scavenging activity at the maximum concentration tested, with an antioxidant activity
(AA%) of 15.3% ± 0.54, while CP2 showed a lower AA% of 5.6% ± 0.01. CP3 displayed
the highest DPPH scavenging activity with an AA% of 37.7% ± 0.37. With a variation
in the same direction, in the ABTS assay, CP1, CP2, and CP3 exhibited AA% values of
31.5% ± 0.11, 21.9% ± 0.37, and 48.1% ± 1.21, respectively. However, all these results
were significantly lower than the activity exhibited by Trolox, a well-known antioxidant
compound, that showed robust radical scavenging activity in the DPPH assay, with an
AA% of 89.7% ± 0.50 at the maximum concentration tested of 250 µg/mL and an IC50 of
7.3 ± 0.09 µg/mL. Similarly, in the ABTS assay, Trolox displayed an AA% of 87.1% ± 0.95
and an IC50 of 2.68 ± 0.08 µg/mL. The low antioxidant activity of C. prolifera was already
suggested by Chaabani et al. [35] who described the extracts obtained by two different
extraction methods as inactive.

Results published concerning the antioxidant activity of other Caulerpa species are
very variable. One work reported that C. lentilifera extracts had EC50 of 2.20, 9.74, and
81.55 mg/mL for chloroform, methanol, and water extracts, respectively [34], and these
values were much higher than the maximum concentration tested in the present work.
Actually, EC50 values on the order of mg/mL cannot be interpreted as excellent results,
contrary to the statement by the authors.

The same authors [34] reported for C. racemosa an EC50 of 0.65 mg/mL for the chloro-
form extract, 2.51 for the methanolic extract, and 7.46 for the aqueous extract. Interestingly,
for both these species, the non-polar extracts were more active than the polar ones, contrary
to what was observed in the present work.

Another study reported that, for the same macroalgae (C. racemosa), an ethanolic extract
presented EC50 of 52.84 and 79.73 µg/mL for DPPH and ABTS assays, respectively [36], and
another study with the same species indicated an ethanolic extract obtained by maceration
with an EC50 of 49.0 ± 4.0 µg/mL on the DPPH assay [37]. This difference in results for the
same species shows the importance of the location where the macroalgae is collected on the
bioactivities it presents. Furthermore, the results can be influenced by the seasonality of the
species and by using different solvents and extraction methodologies that can significantly
affect the extraction, as demonstrated with other macroalgae species [38].

Regarding the enzymatic assays, CP1 exhibited inhibitory effects on tyrosinase, inhibit-
ing 86.4% ± 0.38 of enzyme activity at 250 µg/mL, which allowed for the determination of
an IC50 = 31.3 ± 0.37 µg/mL. This value was only 17.2 times higher than the one obtained
for the standard compound, kojic acid (IC50 = 1.82 ± 0.13 µg/mL), which is remarkable for
an extract containing a wide array of compounds.

It is even more remarkable when compared with results obtained for other Caulerpa
species. The ethanolic extracts of C. lentilifera and C. racemosa were inactive against this
enzyme, even at a concentration of 5 mg/mL [39], which is 20 times more concentrated
than the maximum concentration tested in this work. Furthermore, CP1 is also more active
against tyrosinase than the ethanolic extracts of other green macroalgae, like Ulva rigida
(IC50 > 5000 µg/mL) and Ulva intestinalis (IC50 = 3350 ± 0.12 µg/mL) [39].

For elastase inhibition, CP1 demonstrated a moderate inhibitory effect, with a per-
centage inhibition of 33.5% ± 0.21 at 250 µg/mL. CP2 and CP3 exhibited lower inhibitory
effects, with percentages of 23.1% ± 0.58 and 24.8% ± 0.52, respectively. In fact, there
are no reports about elastase inhibition by Caulerpa species. Moreover, results for green
macroalgae concerning this enzyme are scarce and not very promising, as in the case of Ulva
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lactuca, where hot water extracts presented no elastase inhibition [40]. This may indicate
a low potential to find good elastase inhibitors on this group of macroalgae or that most
works did not study elastase inhibition.

Regarding collagenase inhibition, the extract CP2 was the most active extract
at 250 µg/mL, inhibiting 44.1 ± 0.21% of the enzymatic activity, followed by CP3
(25.3% ± 0.98) and CP1 (12.3% ± 0.22). Since collagenase is a metalloproteinase, it re-
quires a metallic cofactor to exert its functions. Interestingly, none of the extracts exhibited
chelating activity, suggesting that the observed levels of collagenase inhibition are not
attributable to the quenching of the metallic cofactor. This is, as far as could be determined,
the first report of the collagenase inhibition potential in the Caulerpa genus.

Since CP1 was the extract that showed more promise, especially regarding tyrosinase
inhibition, it was selected to be chemically characterized, aiming to identify the compounds
responsible for those bioactivities.

2.2.2. GC-MS Analysis

The chemical composition of the dichloromethane extract from C. prolifera (CP1) was
analyzed using GC-MS. This analysis facilitated the identification of several volatile metabo-
lites belonging to different families, with hydroxylated and carboxylated compounds being
identified as TMS derivatives. The identification of most peaks was conducted by matching
peaks with entries in the GC-MS spectral library and with MS data found in the literature.
Additionally, the retention times and mass spectra were compared with those of pure
standards injected under the same experimental conditions. The quantitative analysis was
also performed, and the numerical values obtained and used to construct the graph in
Figure 2 are those shown in Table S3 in the Supplementary Material.
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The GC-MS analysis of CP1 showed the presence of 22 different compounds dominated
by the presence of palmitic acid and a phthalate (Figure 2), comprising approximately 23.9%
and 37.9% of the total mass of identified compounds, respectively. The results presented
in Figure 2 indicate a prominent presence of saturated (SFA), monounsaturated (MUFA),
and polyunsaturated (PUFA) fatty acids (Figure 3) reveals that a significant portion of the
identified compounds—specifically, 49.73%—corresponded to fatty acids, with saturated
fatty acids representing the biggest portion of total fatty acids (28.67%). Palmitic acid was
the most abundant (243.70 mg/100 g d.w.), followed by myristic acid (26.15 mg/100 g d.w.),
lignoceric acid (11.07 mg/100 g d.w.), and stearic acid (9.74 mg/100 g d.w.). These fatty
acids possess inherent emollient properties, aiding skin hydration and providing a protec-
tive barrier against environmental stressors. Moreover, recent studies have highlighted
their involvement in regulating skin lipid composition and influencing the expression of
key proteins involved in epidermal barrier function [41,42]. Some saturated fatty acids,
such as palmitic, stearic, and lauric acids, have been reported to exhibit moderate anti-
tyrosinase activity, although their activity is generally less potent compared to unsaturated
fatty acids [43,44]. Nevertheless, their presence in the extract enhances its potential as an
anti-hyperpigmentation agent by contributing to the overall tyrosinase inhibition observed,
particularly when combined with other bioactive compounds that may act synergisti-
cally. This highlights the extract’s suitability for applications targeting skin pigmentation
disorders. The reported presence of these compounds in other studies reinforces their
potential role in the observed bioactivities of C. prolifera, supporting its cosmeceutical
applications [45,46]. The abundance of SFA in the extract indicates a great potential for
C. prolifera as a source of components for cosmetic formulations.
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Furthermore, alongside the presence of saturated fatty acids (SFAs), the CP1 extract
also revealed the presence of unsaturated fatty acids, accounting for 21.06% of the total iden-
tified compounds. While the proportion of unsaturated fatty acids (UFAs) was lower com-
pared to saturated fatty acids (SFAs), the diversity within UFAs was broader, with the identi-
fication of 11 distinct compounds, contrasting the four SFAs detected (Figure 2). Within the
UFA group of compounds, 44.70% corresponded to monounsaturated fatty acids (MUFAs),
with the remaining 55.3% being polyunsaturated fatty acids (PUFAS). The most abundant
ones were linoleic acid (48.22 mg/100 g d.w.), palmitoleic acid (32.28 mg/100 g d.w.), and
a-linolenic acid (30.22 mg/100 g d.w.).

Unsaturated fatty acids, particularly PUFAs, exert important regulatory roles in mod-
ulating inflammatory cascades and preserving cutaneous homeostasis. α-Linolenic acid,
for instance, serves as a precursor for the synthesis of anti-inflammatory lipid mediators,
such as resolvins and protectins, which actively mitigate inflammation and facilitate tis-
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sue regeneration [47–49]. Additionally, its participation in the structural integrity of the
stratum corneum and its influence on sebaceous gland activity render it indispensable in
formulations tailored for acne-prone and sebum-regulating skincare regimens [50]. The
seasonal variability in PUFA content reported for C. prolifera in previous studies highlights
its adaptability to environmental stressors and reinforces its role in maintaining biological
functions, particularly in modulating skin health [46,51].

Linoleic acid, an omega-6 polyunsaturated fatty acid, is essential for maintaining skin
barrier integrity by facilitating ceramide synthesis, enhancing hydration, and reducing
transepidermal water loss. Its anti-inflammatory properties include modulating cytokine
production and inhibiting arachidonic acid metabolism, effectively soothing sensitive or
irritated skin. Additionally, linoleic acid regulates sebum production and combats come-
dogenesis, addressing acne and textural irregularities, thus contributing significantly to
overall skin health and appearance. Furthermore, linoleic acid has been reported to exhibit
anti-tyrosinase activity, making it a valuable compound for reducing hyperpigmentation
and promoting a more even skin tone, further enhancing its role in cosmeceutical applica-
tions [52–55].

In contrast, monounsaturated fatty acids like oleic or palmitoleic acid offer unique
benefits in skincare formulations. These MUFAs have significant emollient properties,
which make them excellent for providing hydration without blocking pores, being suitable
for people with oily or combination skin. Furthermore, their reported antioxidant proper-
ties can help to protect against environmental damage, preventing premature aging and,
consequently, promoting a more youthful appearance [56,57].

Diterpenes, represented by compounds such as neophytadiene (52.71 mg/100 g d.w)
and phytol (24.87 mg/100 g d.w), might also contribute to the antioxidant and antiaging
properties of the CP1 extract. Neophytadiene has presented potent antioxidant activity,
thereby protecting the skin from premature aging and photoaging [58]. Furthermore, it also
possesses anti-inflammatory properties [58]. Additionally, phytol and its derivatives exhibit
collagen synthesis-stimulating effects, promoting skin elasticity and firmness, essential
attributes for maintaining a youthful skin appearance [59]. There are also reports of anti-
inflammatory activity, which indicate the potential to treat skin irritation [60], and it is
already used as a natural fragrance, adding sensory appeal to cosmetic products [61]. A
recent study also reported its moderate activity against tyrosinase [62].

The identification of β-sitosterol (16.96 mg/100 g d.w), a plant sterol, in the CP1 extract
further expands its cosmeceutical potential. β-Sitosterol possesses anti-inflammatory
properties and modulates immune responses, making it a valuable ingredient in skincare
products aimed at soothing irritated and sensitive skin. Additionally, this compound
may inhibit the enzyme 5-a-reductase, thereby reducing the conversion of testosterone to
dihydrotestosterone (DHT) and mitigating the effects of androgen-induced skin disorders,
such as acne and hirsutism [63,64].

The analysis of the mass spectra of the most abundant compound, obtained with a
retention time of 36.9 min, showed a base peak at m/z 149, characteristic of the phthalate
structure, that corresponds to the [C8H4O3]+ ion. Furthermore, it also presented a peak at
m/z 279, which according to the literature, corresponds to the mono phthalate fragment
[C16H21O4]+ formed by the loss of an alkyl chain with eight carbons [65]. The molecular
ion peak was found to have a very low intensity at m/z 390, which points to a molecular
formula of C24H38O4, indicating that the phthalate found on CP1 can correspond to either
di-(2-ethylhexyl) phthalate, di-n-octyl phthalate, or diisooctyl phthalate. Preparative chro-
matography and further characterization by NMR spectroscopy led to the identification of
the compound as di-(2-ethylhexyl) phthalate (DEHP), as described in Section 3.6.2.
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Phthalates are compounds utilized both as plasticizers and non-plasticizers, serving
to enhance various characteristics of different products. They contribute to improving at-
tributes such as durability, resistance, extensibility, and flexibility in plastic polymers, while
also enhancing persistence in perfumes and other fragrances. The substantial prevalence
of plastic pollution has resulted in the considerable accumulation of phthalates in aquatic
environments [66]. Di-(2-ethylhexyl) phthalate is one of the most used phthalates as an
additive in polymeric products to make them flexible. It is used in products as diverse as
medical devices, packaged food, cosmetic products (to carry fragrances), and toys. It does
not evaporate easily and is found in air, water, and soil [67].

In the present work, the probability of accidental contamination of the algal material
during collection and/or processing is very low. In fact, all labware and solvents used were
phthalate free. To corroborate the low probability of laboratory contamination, new extracts
were prepared with the same macroalgae material under identical conditions but with
freshly sourced solvent and thoroughly cleaned glass labware. Additionally, other samples
processed in the same laboratory under identical conditions, namely two terrestrial plants
collected in the Azores, Laurus azorica and Hedychium gardnerianum (data not published),
and using the same solvents and materials, consistently showed no trace of phthalates,
further supporting the robustness of our methodology. The subsequent GC-MS analysis
mirrored the initial findings, indicating similar levels of phthalate compounds as previously
observed. A second new extract was prepared with the same conditions but using a new
batch of macroalgae that was collected a year later from the exact same coordinates. By
repeating the process at the same location and under the same conditions but at a different
time point, the aim was to assess whether the presence of the phthalate compound was
a recurring situation or an isolated event. The analysis showed once again its presence,
which is strong evidence that the phthalate is a macroalgae component.

It is difficult to definitively determine the real origin of this compound. A recent
review about the origin of phthalates on algae found that DEHP has been identified in
many species across the three classes of macroalgae, including C. racemosa [68]. DEHP was
found to be biosynthesized by some of the species from where it was isolated, while in
others its origin was unclear or attributed to bioaccumulation [68].

Nevertheless, considering what was referenced in the previous paragraphs, it is
more likely that this compound results from some interaction between the algae and the
environment, including bioaccumulation and/or biosynthesis.

Phthalate concentrations in marine environments and seaweed vary widely due to
environmental factors such as industrial discharges, urban runoff, and plastic pollution.
Reported concentrations in seawater range from nanograms per liter to micrograms per
liter [69–71], while in seaweed biomass, levels are typically in the nanogram to microgram
per gram range [72–74]. The levels detected in this study were comparatively higher,
which may be explained by local environmental contamination, differences in analytical
and extraction methods, or the unique biological machinery of C. prolifera. Each seaweed
species has distinct metabolic pathways and bioaccumulation mechanisms, which can
influence the uptake, storage, and transformation of contaminants like phthalates.

The presence of DEHP as the major compound in the CP1 extract may explain the
low antioxidant activity of the extract, despite the presence of other antioxidant agents
such as neophytadiene, since DEHP has been reported in the literature to exert pro-oxidant
effects [52].

The GC-MS analysis of the CP1 extract described in the previous paragraphs provided
valuable insights into its chemical composition. The identified compounds, including
saturated and unsaturated fatty acids, diterpenes, and sterols, exhibit a diverse range of
bioactive properties related to the aging process, and show the potential of C. prolifera
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as a source of ingredients (enriched fractions or pure compounds) with cosmeceutical
applications. However, the presence of DEHP in such high amounts might be problematic
considering that this phthalate is reported to possess endocrine, testicular, ovarian, neural,
hepatotoxic, and cardiotoxic effects [75]. This could be a critical challenge that must be
addressed to enable the safe and regulated use of this seaweed species in industry. This
question will be further examined in the following sections.

2.2.3. Extracts Fractionation

Considering that the results of the previous section do not allow for a clear identi-
fication of the compounds responsible for the activity exhibited by extract CP1, it was
fractionated using liquid–liquid extraction. This process resulted in three distinct frac-
tions: CP1.1 (hexane fraction: 898.1 mg), CP1.2 (ethyl acetate fraction: 358.1 mg), and
CP1.3 (aqueous fraction: 410.0 mg). These fractions were tested for their antioxidant and
antiaging activities, and it was found that CP1.2 showcased the most robust antioxidant
activity among the fractions with an EC50 value of 116.21 ± 0.41 µg/mL on the ABTS assay,
indicating enhanced potency in comparison to CP1 (EC50 higher than 250 µg/mL). In the
opposite sense, CP1.1 and CP1.3 displayed minimal antioxidant activity, lower than that
presented by the original extract, meaning that the components of the extract responsible
for its antioxidant effects were concentrated on the ethyl acetate fraction (CP1.2).

Moving to enzyme inhibition assays, CP1 demonstrated an interesting anti-tyrosinase
activity, with an IC50 of 31.3 ± 0.37 µg/mL, while CP1.2 also showed slightly lower
tyrosinase inhibition (40.8 ± 0.21 µg/mL). Fractions CP1.1 and CP1.3 were not active
against this enzyme, showing again that most of the bioactive compounds were retained in
the fraction of intermediate polarity (CP1.2). While CP1 exhibited moderate inhibition of
elastase, with a percentage of inhibition of 33.5 ± 0.21% at 250 µg/mL, the fractions CP1.1,
CP1.2, and CP1.3 displayed minimal to negligible effects. The same was observed for the
inhibition of collagenase, since the fractions were less active than the extract CP1, which is
already a low-active extract against this enzyme.

The observation of these results showed that the only fraction worthy of further pu-
rification was CP1.2, the ethyl acetate fraction of CP1. Thus, the CP1.2 was fractionated
by Sephadex LH-20 column chromatography, since the analytical TLC analysis showed
an irreversible affinity of some extract components towards silica gel 60. The CP1.2
fraction originated 12 sub-fractions, named CP1.2.1 to CP1.2.12, as shown in Table S4
(Supplementary Material). In the effort to identify the compounds responsible for the ac-
tivities observed, the subfractions obtained underwent testing in identical assays as the
raw extract and initial fractions, as outlined in Tables 2 and 3 for antioxidant and antiaging
activities, respectively.

Regrettably, the antioxidant activity level previously noted in CP1.2 was lost and
seemed to spread across its subfractions, as evidenced by the overall diminished activity
levels found for these samples.

The decrease in activity seen when comparing CP1.2 with its subfractions (CP1.2.1
to CP1.2.12), which mirrors earlier observations when comparing CP1 and its fractions in
some of the activity assays, suggests that the activity detected in the more complex samples
might stem from a synergistic interplay among certain components. This synergistic effect
appears to dissipate upon fractionation, probably because the compounds exerting the
activity were split into different fractions. Indeed, the phenomenon of diminished activity
post-fractionation is a well-documented occurrence in the field of natural products, often
leading to unsuccessful isolation attempts with botanical extracts [76].
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Table 2. Antioxidant activity by DPPH and ABTS methods of the fractions of CP1 extract.

Sample DPPH ABTS

% AA * EC50 µg/mL % AA * EC50 µg/mL

CP1 § 15.3 ± 0.54 >250 a 31.5 ± 0.11 >250 a

CP1.1 § 0 >250 a 29.7 ± 0.34 >250 a

CP1.2 § 0 >250 a 65.2 ± 0.14 116.21 ± 0.41 b

CP1.3 § 0 >250 a 10.0 ± 0.33 >250 a

CP1.2.1 0 >250 a 0 >250 a

CP1.2.2 0 >250 a 26.6 ± 0.88 >250 a

CP1.2.3 0 >250 a 29.5 ± 0.61 >250 a

CP1.2.4 0 >250 a 16.5 ± 0.61 >250 a

CP1.2.5 0 >250 a 11.21 ± 0.11 >250 a

CP1.2.6 0 >250 a 0 >250 a

CP1.2.7 0 >250 a 5.2 ± 0.35 >250 a

CP1.2.8 0 >250 a 4.9 ± 0.95 >250 a

CP1.2.9 1.2 ± 0.49 >250 a 9.5 ± 0.40 >250 a

CP1.2.10 1.9 ± 0.51 >250 a 11.2 ± 0.06 >250 a

CP1.2.11 0 >250 a 12.3 ± 0.60 >250 a

CP1.2.12 0 >250 a 7.9 ± 0.95 >250 a

Trolox 89.7 ± 0.50 7.3 ± 0.09 b 87.1 ± 0.95 2.68 ± 0.08 c

§ The antioxidant activity of these samples is repeated here to facilitate comparative analysis of the results. * %
antioxidant activity at 250 µg/mL. In each EC50 column, different letters indicate significant differences (p < 0.05).

Table 3. ECM-degrading enzyme inhibition by the fractions of CP1 extract.

Sample
Elastase Tyrosinase Collagenase

% Inhibition * IC50 µg/mL % Inhibition * IC50 µg/mL % Inhibition * IC50 µg/mL

§ CP1 33.5 ± 0.21 >250 a 86.4 ± 0.38 31.3 ± 0.37 a 12.3 ± 0.22 >250 a

§ CP1.1 0 >250 a 15.0 ± 0.65 >250 b 0 >250 a

§ CP1.2 0 >250 a 80.7 ± 0.34 40.8 ± 0.21 c 0 >250 a

§ CP1.3 5.3 ± 0.77 >250 a 0 >250 b 0 >250 a

CP1.2.1 0 >250 a 0 >250 b 0 >250 a

CP1.2.2 0 >250 a 13.3 ± 0.20 >250 b 0 >250 a

CP1.2.3 0 >250 a 13.8 ± 0.76 >250 b 0 >250 a

CP1.2.4 0 >250 a 18.4 ± 0.87 >250 b 3.7 ± 0.80 >250 a

CP1.2.5 84.2 ± 0.68 45.9 ± 0.75 b 12.7 ± 0.69 >250 b 78.1 ± 0.08 90.6 ± 0.21 b

CP1.2.6 0 >250 a 0 >250 b 0 >250 a

CP1.2.7 36.8 ± 0.92 >250 a 12.9 ± 0.96 >250 b 7.6 ± 0.22 >250 a

CP1.2.8 0 >250 a 16.0 ± 0.60 >250 b 9.5 ± 0.63 >250 a

CP1.2.9 0 >250 a 29.6 ± 0.76 >250 b 9.6 ± 0.18 >250 a

CP1.2.10 0 >250 a 39.0 ± 0.61 >250 b 12.4 ± 0.59 >250 a

CP1.2.11 0 >250 a 39.4 ± 0.78 >250 b 9.5 ± 0.45 >250 a

CP1.2.12 0 >250 a 24.5 ± 0.57 >250 b 36.5 ± 0.34 >250 a

NMAAK 95.5 ± 3.96 0.13 ± 0.002
c - - - -

Kojic acid - - 99.2 ± 0.36 1.8 ± 0.13 d - -
EDTA - - - - 96.3 ± 1.2 51.2 ± 0.12 c

§ The inhibitory activity of these samples is repeated here to facilitate comparative analysis of the results. * %
inhibitory activity at 250 µg/mL. In each IC50column, different letters indicate significant differences (p < 0.05).
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Similarly, the results for tyrosinase inhibition (Table 3) showed lower potency in the
subfractions (0 to 39.4% at 250 µg/mL) compared to CP1 and CP1.2 (86.4 and 80.7% at the
same tested concentration). In fact, the subfractions with better activity were CP1.2.10 and
CP1.2.11, and their activity at the screening concentration (39.0 and 39.4% at 250 µg/mL)
was nearly 2-fold lower when compared to CP1 and CP1.2.

In contrast to the findings in the antioxidant and tyrosinase inhibition assays, sub-
fraction CP1.2.5 exhibited markedly higher activity in elastase and collagenase inhibition
compared to both the corresponding fraction (CP1.2) and the original extract (CP1). For
elastase, this sample displayed an IC50 of 45.9 ± 0.75 µg/mL, highlighting its remarkable
efficacy in this assay. As mentioned earlier, this is the first report of this activity in the
Caulerpa genus, and the level of activity is, as far as it was possible to assess, the highest
ever found on green macroalgae.

In terms of collagenase activity, subfraction CP1.2.5 demonstrated an IC50 of
90.6 ± 0.21 µg/mL (Table 3), which was 1.77 times higher than that of EDTA, the stan-
dard compound used as a positive control. However, unlike EDTA, which exerts its
inhibition by chelating the metallic cofactor essential for collagenase function, CP1.2.5 did
not display any chelating activity (EC50 > 250 µg/mL. This discrepancy suggests a different
mode of inhibition, wherein the components of CP1.2.5 likely interact directly with the
enzyme, thereby impeding its activity. This distinct mechanism of action highlights the
potential of CP1.2.5 constituents as novel inhibitors of collagenase.

In this case, where the subfraction presented a great level of activity on assays while
the precursor extract/fraction had low or no activity at all, two different factors can come
into action. The first one is simply a change in the relative proportion of the components
within the sample—by removing some components, the relative proportion of a specific
compound increases, and its effect becomes more preponderant on the activity presented by
the fraction [76]. The second factor, although less probable, involves antagonistic effects, i.e.,
the possibility that certain components within the subfraction may counteract or mitigate
the activity of others. This phenomenon could arise due to complex interactions between
individual compounds, where one component might suppress or nullify the activity of
another. Such antagonistic effects can sometimes mask the true potential of a sample when
assessed as a whole extract or fraction but become more apparent upon fractionation when
individual components are isolated [76].

The chemical analysis of subfraction CP1.2.8 showed that this comprises solely
di-(2-ethylhexyl) phthalate, the phthalate characterized and identified as the main con-
stituent of the CP1 extract. Despite being a prominent component of the extract (see
Figure 2), the low activity in all assays of the CP1.2.8 subfraction demonstrated the inac-
tivity of this phthalate as an antioxidant and ECM-degrading enzyme inhibitor. In fact,
DEHP is reported to exert pro-oxidant effects [77] and to enhance the activity of matrix
metalloproteinases [78] in vivo.

To gain a deeper insight into the changes in chemical profile potentially associated
with the activities exhibited by CP1.2 and CP1.2.5, as well as the disparities observed
compared to CP1, the composition of these fractions was assessed by GC-MS. One of the
most significant changes was the expressive and progressive reduction in the proportion of
the phthalate and a decreasing complexity in the chemical composition of each sample. The
reduction in phthalate content in these two fractionation steps suggests that it is feasible to
use this procedure as a way of reducing the risk of phthalate presence. The comparison
of the relative % of each compound found on the GC-MS profile of the three samples
is presented in Figure 4. Considering that the identified phthalate is inactive for the
bioactivities tested (Tables 2 and 3), and to evaluate the most significant variations of
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the less abundant compounds, the relative proportion was corrected to include only the
remaining constituents.
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Figure 4. Comparison of the GC-MS profiles of CP1, CP1.2, and CP1.2.5. Corrected relative %
excluding DEHP.

A comparison between CP1 and CP1.2 revealed a significant disappearance of most
unsaturated fatty acids and a decrease in the proportion of remaining ones except for erucic
and nervonic acids. Nonetheless, there is not a significant decrease in the inhibitory activity
against tyrosinase between CP1.2 and CP1, despite unsaturated fatty acids like oleic acid,
linoleic acid, and α-linolenic acid have been reported to inhibit tyrosinase activity [43,44].
The reduction in the proportion of the phthalate observed for CP1.2 (from 37.9% in CP1 to
13.4% in CP1.2) might have contributed to this activity, since the decrease in the proportion
of a major compound, which was inactive, can lead to an increase in the proportion of
constituents that might be active. Palmitic acid, which has been reported to enhance
tyrosinase activity [43], remained as one of the predominant compounds in both CP1 and
CP1.2, constituting more than 50% of the compounds considered. The activity exhibited by
the two samples showed that the effect of palmitic acid may be significantly nullified by
the inhibitory effect of the unsaturated fatty acids mentioned above.

In fraction CP1.2, the doubling of oleamide, erucic acid, nervonic acid, lignoceric acid,
and β-sitosterol proportions was, most likely, related to a two-fold increase in ABTS assay
activity compared to CP1 (Table 3), since all these compounds are reported in the literature
as possessing antioxidant properties [79–82]. In CP1.2.5, the proportion of β-sitosterol,
erucic acid, nervonic acid, and lignoceric acid was decreased, coinciding with a significant
decrease in the antioxidant activity, which further emphasizes the potential role of those
compounds in the observed antioxidant activities.

The appearance of 1-octadecanol in small proportions on fraction CP1.2, which was
not detected in CP1, is likely due to trace amounts concentrated during fractionation.
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The proportion of this compound was more pronounced in subfraction CP1.2.5. This
fraction was less complex and exhibited expressive variations in the relative proportions of
compounds, potentially explaining its distinct activities compared to CP1 and CP1.2.

The enhanced relative amount of 1-octadecanol was concomitant with improved
inhibitory activity against elastase and collagenase. There is no sufficient scientific support
to attribute this increased inhibitory effect solely to 1-octadecanol. To the best of our
knowledge, the activity of this metabolite against these enzymes has not been reported
in the literature. This increase may have been related to synergistic effects between other
constituents present in the sample. In fact, studies about the effect of the constituents
identified in CP1.2.5 on the activity of elastase and collagenase enzymes are practically non-
existent. The presence of such a significant proportion of 1-octadecanol in this subfraction
implies a greater potential for its application in cosmetic formulations, since 1-octadecanol
is widely used in cosmetics and personal care products mainly due to its emollient power,
ability to improve the stability and bioavailability of active agents, and its human and
environmental safety profile [83,84]. The Cosmetic Ingredient Review and other regulatory
agencies consider 1-octadecanol safe for use in cosmetics due to its low oral and dermal
toxicity [85].

The contributions of neophytadiene, myristic acid, and phytol acetate should also be
considered responsible for the increase in the activity against elastase and collagenase, as
their proportions were also substantially increased in CP1.2.5. In fact, the variations in the
collagenase and elastase inhibitory activity between CP1, CP1.2, and CP1.2.5 were concomi-
tant with the variation in the proportion of these compounds, especially neophytadiene
and myristic acid.

3. Materials and Methods
3.1. General

The 1H- and 13C-NMR, HSQC, HMBC, DEPT, COSY, and H2BC spectra were measured
on Bruker Avance 300 (300.13 MHz for 1H and 75.47 MHz for 13C), using tetramethylsilane
(TMS) as the internal standard. Chemical shifts were reported in δ units (ppm) and
coupling constants (J) in Hz. The MS spectra were obtained using ESI(+) with a Q-Tof2

mass spectrometer (Manchester, UK).
Analytical thin-layer chromatography (TLC) was performed in silica gel 60 (Merck F245

plates), and the products were visualized with an ultraviolet lamp (254 and/or 365 nm).

3.2. Standards and Reagents

N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) (99% purity); trimethylchlorosi-
lane (TMSCl) (99%); myristic, linoleic, and oleic acids, (≥99%); β-sitosterol (97%); squa-
lene (≥98%); phytol (≥97%); dibutyl phthalate (99%); oleamide (≥98.5%); heptadecanoic
methyl ester (≥98%); octadecane (99%); 1,1-diphenyl-2-picryl-hydrazyl (DPPH); 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox); diammonium 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonate) (ABTS); potassium persulfate; tyrosinase; L-tyrosine; ko-
jic acid; monosodium phosphate; sodium phosphate dibasic; elastase; N-methoxysuccinyl-
Ala-Ala-Pro-Val-p-nitroanilide; N-methoxysuccinyl-Ala-Ala-Pro-chloromethylketone; 2-[4-
(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES); N-[3-(2-Furyl)acryloyl]-Leu-
Gly-Pro-Ala (FALGPA); N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES)
sodium salt; ninhydrin; citric acid; sodium citrate; EDTA; hyaluronidase; hyaluronic acid;
calcium chloride; sodium aurothiomalate; sodium acetate; acetic acid and hydrochloric
acid; dimethylsulfoxide (DMSO); dichloromethane; chloroform; and ethyl acetate were
supplied by Sigma-Aldrich. Pyridine was from Fisher Scientific. Collagenase was supplied
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by Merck. Tin (II) chloride was obtained from Riedel-deHaën. Methanol was purchased
from Honeywell. All solvents used were HPLC analytical grade and phthalate-free.

3.3. Macroalgae Collection

Three kilograms of Caulerpa prolifera (Forsskål) J.V. Lamouroux species were col-
lected on a rockpool located in Mosteiros (in the area centered around these coordinates:
37◦53′57′ ′ N, 25◦49′18′ ′ W), western coast of São Miguel Island, Azores, in July 2020. The al-
gae were collected and transported using metal utensils and 100% cotton bags, respectively.
One kg of C. prolifera was collected in the same location and using the same methodology,
one year later, to evaluate the presence of phthalate.

An intact specimen was delivered to the Department of Biology of the University of
Azores for specialized identification. A voucher was created and was further deposited at
the Ruy Telles Palhinha Herbarium (AZB) under the code SMG-20-17.

Following collection, the fresh mass of macroalgae underwent cleaning to remove
sand, small rocks, and epiphytes. Subsequently, it was thoroughly washed with deionized
water to eliminate excess salts. The material was then cut into about 1 cm long pieces and
dried in darkness at room temperature with a dehumidifier. Once all the material was
dehydrated, it was ground until a fine powder was achieved.

3.4. Moisture Determination

Four portions of fresh macroalgae (2.31 ± 0.05 g) were placed on petri dishes and then
dried in an oven with forced ventilation at 40 ◦C. The mass of macroalgae in each petri dish
was measured every two days until a constant weight was reached.

The percentage of moisture was calculated as follows:

%water= 100 − [(Dry mass/Fresh mass) × 100].

The dry mass obtained was 0.35 ± 0.03 g, which represents a water content of
85.01 ± 0.99%.

3.5. Extraction

The dried biomass of C. prolifera (200 g) was extracted by maceration sequentially
with dichloromethane, acetone, and ethanol (96%) to create extracts CP-1, CP-2, and CP-
3, respectively. For each extract, the mass of vegetal material/volume of solvent ratio
was 1:10, and the solvent was renewed 3 times every 72 h to ensure a better extraction
yield. To minimize the risks of degradation during the extraction, it took place at room
temperature (18–20 ◦C), in the darkness, and in a closed system with minimal oxygen
exposure, until the extraction vessels were filled to capacity. The extract was then filtered
using a glass filtration unit with sintered plate and concentrated with the rotavapor. All
sample processing was carried out in total absence of plastic materials. Only glass labware,
cotton bags, and metalware were in contact with both the alga and prepared extracts. The
dichloromethane extract from the second C. prolifera collection was obtained using the same
extraction methodology as described previously.

3.6. Fractionation
3.6.1. Liquid–Liquid Partition

Extract CP1 (1.81 g) was dissolved in 600 mL of deionized water, and then a
liquid–liquid partition was performed with chloroform. The chloroform fraction was
collected and concentrated at the rotavapor. Subsequently, the aqueous phase was ex-
tracted with ethyl acetate, which was then collected and concentrated. The aqueous phase
was then lyophilized to eliminate the water. Three fractions of the CP1 extract with different



Mar. Drugs 2025, 23, 83 16 of 25

polarities were thus obtained: CP1.1 (chloroform fraction—898.1 mg); CP1.2 (ethyl acetate
fraction—358.1 mg); CP1.3 (aqueous fraction—410.0 mg).

3.6.2. Column Chromatography

Fraction CP1.2 (0.36 g) was dissolved with the aid of ultrasound in 4 mL of
CHCl3:methanol (1:1) and then filtered in a Whatman 3 filter. The Sephadex LH-20 Column
was packed as follows: the exit of the chromatographic column (30 cm length × 1 cm inter-
nal diameter) was plugged with cotton to retain the solids, and a small layer of sand was
placed upon it. Sephadex LH-20 (25 g) was swollen with methanol overnight. The swollen
Sephadex LH-20 slurry was poured into the column in a continuous motion. The column
was rinsed with methanol. Before applying the sample, the column was equilibrated with
300 mL of CHCl3:methanol (1:1). The filtered CP1.2 fraction was loaded onto the column,
and the elution was run with CHCl3:methanol (1:1) at a constant flow rate. When all the
sample appeared to have exited the column, the eluent was changed into methanol. Twelve
different fractions (CP1.2.1 to CP1.2.12) were obtained, according to the TLC results.

Fraction CP1.2.8.
The analytical TLC of this fraction showed that it was composed of only one compound,

so it was characterized by NMR for identification.
Di-(2-ethylhexyl)phthalate: 1H NMR (300.13 MHz, CDCl3, TMS): δ 7.68–7.74 (2H, dd,

J = 6.9 Hz and 3.63 Hz, H-3, H-6); 7.56–7.50 (2H, dd, J = 6.9 Hz and 3.63 Hz, H-4, H-5);
4.27–4.17 (4H, m, H-1′, H1′ ′); 1.72–1.65 (2H, m, H-2′, H-2′ ′); 1.44–1.39 (4H, m, H-7′, H-7′ ′);
1.33 (4H, m, H-5′, H5′ ′); 1.25 (8H, m, H-3′, H3′’, H-4′, H-4′ ′); 0.92 (6H, t, H-8′, H-8′ ′); 0.89
(6H, t, H-6′, H-6′ ′) ppm.

13C NMR (75.47 MHz, CDCl3, TMS): δ 167.8 (C=O); 132.4 (C-1, C-2); 130.9 (C4, C5);
128.8 (C-3, C6); 68.2 (C-1′, C-1′ ′); 38.7 (C-2′, C-2′ ′); 30.4 (C-3′, C-3′ ′); 28.9 (C-4′, C-4′ ′); 23.7
(C-7′, C-7′ ′); 23.0 (C-5′, C-5′ ′); 14.1 (C-6′, C-6′ ′); 11.0 (C-8′, C-8′ ′) ppm.

ESI-MS: m/z 391 [M + H]+, m/z 413 [M + Na]+, m/z 803 [2M + Na]+

3.7. GC-MS Analysis
3.7.1. Derivatization Procedure

To increase the volatility of the compounds in the extract and thus the sensibility
of the GC-MS analysis, nearly 20 mg of dried dichloromethane extract from C. prolifera
(CP1) was dissolved in 1 mL of dichloromethane. This mixture was silylated by adding
250 µL of pyridine, 250 µL of BSTFA, and 50 µL of TMSCl, according to Seca et al. [86]. The
mixture was maintained at 70 ◦C for 30 min and then immediately injected into the GC-MS.
The quantity of silylation reagents (BSTFA and TMSCl) used was sufficient to ensure the
silylation of all hydroxy groups present in the compounds, including those present in the
carboxylic group.

3.7.2. GC-MS Experimental Conditions

GC-MS analyses were performed using a GC-MS QP2010 Ultra Shimadzu. The sepa-
ration of compounds was carried out in a DB-5 J&W capillary column (30 m × 0.25 mm
inner diameter, 0.25 µm film thickness) using helium as the carrier gas (1.13 mL/min).
The chromatographic conditions were as follows: initial temperature, 100 ◦C for 2 min;
temperature rate of 10 ◦C/min up to 150 ◦C, at 3 ◦C/min up to 235 ◦C, at 10 ◦C/min up to
260 ◦C, at 2.3 ◦C/min up to 300 ◦C which was maintained for 5 min; injector temperature
320 ◦C; transfer-line temperature, 300 ◦C; and split ratio, 1:50. The mass spectrometer was
operated in the electron impact (EI) mode with an energy of 70 eV, and data were collected
at a rate of 1 scan/s over a range of m/z 50–1000. The ion source was kept at 200 ◦C. The
peaks from the total ion chromatogram were identified by comparing their mass spectra
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with the equipment mass spectral library (NIST 14 Mass Spectral and Wiley Registry of
Mass Spectral Data).

For quantification purposes, three independent replicates of each sample were submit-
ted for the derivatization procedure, and each one was analyzed by GC-MS. The internal
standard method was applied, and the amount of each metabolite present in each of the
replicates was obtained from the calibration curves obtained by injection of known concen-
tration solutions of each standard (or its TMS derivatives in case of the presence of hydroxy
groups), All the injected samples and standards solutions contained a fixed quantity of
internal standard (octadecane). Values of correlation coefficients confirmed linearity of
the calibration plots. The concentrations of the standards were chosen to guarantee the
quantification of each compound in the samples by interpolation in the calibration curve.
The results were expressed in mg of compound per 100 g of dry weight of algae as the
mean (±standard deviation) of the three replicates.

3.8. Biological Activities

A stock solution of each sample was prepared at 50 mg/mL in DMSO, from which the
test samples were then prepared by diluting in the appropriate test medium. In microplate
assays, absorbance values were measured using a BioRad Microplate Reader Model 680
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) at the wavelengths referred to below for
each test.

3.8.1. DPPH Radical Scavenging Activity

Antioxidant activity was assayed by the 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radi-
cal scavenging assay [87]. Serial dilutions of the studied extracts or reference compound
(Trolox) were carried out in 96-well microplates using concentrations of 250, 125, 62.5,
31.25, 15.63, 7.81, 3.91, 1.95, 0.977, 0.488, and 0.244 µg/mL in methanol. DPPH dissolved in
methanol was added to the microwells, yielding a final concentration of 45 µg/mL, and the
absorbance at 515 nm was measured after 30 min in the dark. In each assay, a control was
prepared, in which the same amount of solvent was substituted for the sample or standard.
The percentage of antioxidant activity (% AA) was calculated as:

%AA = [(Abscontrol − Abssample)/Abscontrol] × 100 (1)

where Abscontrol is the absorbance of the control and Abssample is the absorbance of the alga
extract or standard. All assays were carried out in triplicate and the results expressed as
IC50, i.e., as the concentration yielding 50% scavenging of DPPH, calculated by interpolation
from the % AA vs. concentration curve.

3.8.2. ABTS Radical Scavenging Assay

The method of Re et al. [88] was adopted to perform the ABTS radical scavenging assay.
The stock solutions included a 7 mM ABTS solution (2,2′-azinobis-(3 ethylbenzothiazoline
6 sulfonic acid)) and a 2.4 mM potassium persulfate solution. The working solution was
prepared by mixing the two stock solutions in equal quantities and allowing them to react
for 12–16 h at room temperature in the dark. The solution was then diluted by mixing 1 mL
ABTS solution with the amount of methanol necessary to obtain an absorbance of 0.7 at
734 nm. Serial dilutions of the studied extracts or reference compound (Trolox) were carried
out in 96-well microplates using concentrations of 250, 125, 62.5, 31.25, 15.63, 7.81, 3.91,
1.95, 0.977, 0.488, and 0.244 µg/mL in methanol. The ABTS solution was then added to the
microwells, and after 8 min of incubation, the absorbance was recorded at 750 nm. In each
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assay, a negative control was prepared, in which the same amount of solvent substituted
the sample. The percentage of antioxidant activity (% AA) was calculated as:

%AA = [(Abscontrol − Abssample)/Abscontrol] × 100 (2)

where Abscontrol is the absorbance of the ABTS radical + methanol and Abssample is the
absorbance of the ABTS radical + the sample/standard.

All assays were carried out in triplicate, and the results are expressed as IC50, i.e., as
the concentration yielding 50% scavenging of ABTS, calculated by interpolation from the%
AA vs. concentration curve.

3.8.3. Ferrous Chelating Activity

The Fe2+ chelating ability of the extracts was measured by the ferrous iron-ferrozine
complex method [89]. Briefly, the reaction mixture containing 2 mM FeCl2 (10 µL), 5 mM
ferrozine (10 µL), and 100 µL of serial concentrations of extracts or fractions (ranging
between 0.244 µg/mL and 250 µg/mL in methanol) were mixed in a 96-well plate and
incubated for 10 min at 27 ◦C. The absorbance was at 550 nm. The absorbance of the control
was determined by replacing the extract with methanol. EDTA (0.195–100 µg/mL) was
used as a positive control. The ability of the sample to chelate ferrous ion was calculated:

Chelating effect (%) = [(Abscontrol − Abssample)/Abscontrol] × 100 (3)

where Abscontrol is the absorbance of the ferrozine-ferrous iron complex + methanol and
Abssample is the absorbance ferrozine-ferrous iron complex + sample/standard.

All assays were carried out in triplicate, and the results are expressed as IC50, i.e.,
value at which the concentration of the sample chelated 50% of the ferrous iron, calculated
by interpolation from the % chelating effect vs. concentration curve.

3.8.4. Hyaluronidase Inhibition Assay

This assay was conducted following the Sigma protocol with minor adjustments [90].
In a microplate, 25 µL of 5 U/mL of hyaluronidase prepared in a 20 mM sodium phosphate
buffer (pH 7.0) with 77 mM sodium chloride and 0.01% BSA was pre-incubated with 50 µL
of the sample in concentrations of 250, 125, 62.5, 31.25, 15.63, 7.81, 3.91, 1.95, 0.977, 0.488,
and 0.244 µg/mL for 10 min at 37 ◦C. Subsequently, the assay was initiated by adding
25 µL hyaluronic acid (0.015% in 300 mM sodium phosphate, pH 5.35) to the incubation
mixture and incubated for an additional 30 min at 37 ◦C. Undigested hyaluronic acid
was precipitated with a 200 µL acid albumin solution composed of 0.1% bovine serum
albumin in 24 mM sodium acetate and 79 mM acetic acid (pH 3.75). After standing at room
temperature for 10 min, the absorbance of the reaction mixture was measured at 600 nm.
The absorbance in the absence of the enzyme (blank) served as the reference value for
maximum absorbance. Enzyme activity was verified by a control experiment conducted
simultaneously, in which the enzyme was pre-incubated with a buffer instead, followed by
the assay procedures described above. The inhibitory activity of the test compound was
determined as follows:

%Inhibition = [1 − (Absblank − Abssample)/(Absblank − Abscontrol)] × 100 (4)

where Absblank is the absorbance of the reaction without the enzyme, Abssample is the
absorbance of the extract or standard compound sodium aurothiomalate, and Abscontrol is
the absorbance of the enzyme without the inhibitor. The IC50 value, which was the sample
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concentration that inhibited 50% of the enzyme activity, was determined by interpolation
from the % hyaluronidase inhibition vs. concentration curve.

3.8.5. Tyrosinase Inhibition Assay

The extracts were assayed by adapting the tyrosinase inhibition method described
by Shimizu et al. [91] and modified by Manosroi et al. [92]. In brief, 25 µL of a tyrosinase
enzyme solution (135 U/mL), 25 µL of ten serial concentrations of the extracts (0.488 µg/mL
to 250 µg/mL dissolved in 100 mM phosphate buffer, pH 6.8 containing no more than 2.5%
DMSO), and 100 µL of a phosphate buffer were mixed in a 96-well plate and incubated at
37 ◦C for 20 min. Then, 50 µL of 1.66 mM of a tyrosine solution in 100 mM of a phosphate
buffer, pH 6.8, was added. The enzyme activity was measured at 490 nm every 10 min for
30 min. Kojic acid at 0.293–150 µg/mL was used as a positive control. The experiments
were carried out in triplicate. For each concentration, enzyme activity was calculated as
a percentage of the velocities compared to that of the assay using a buffer without any
inhibitor. The IC50 value, which was the sample concentration that inhibited 50% of the
enzyme activity, was determined by interpolation from the % tyrosinase inhibition vs.
concentration curve.

3.8.6. Elastase Inhibition Assay

The extracts were assayed by the method described by Ndlovu et al. [93] with some
modifications. In brief, 25 µL of the elastase enzyme solution (0.3 U/mL), 50 µL of ten serial
concentrations of the extracts or fractions (0.488 µg/mL to 250 µg/mL dissolved in 100 mM
HEPES buffer, pH 7.5 containing no more than 2.5% DMSO), and 125 µL of the HEPES
buffer were mixed in a 96-well plate and incubated at room temperature for 20 min.
Then, 50 µL of N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide (1 mM) was added. The
enzyme activity was measured at 405 nm at the moment of substrate addition and after
40 min of incubation at 25 ◦C. N-Methoxysuccinyl-Ala-Ala-Pro-chloromethyl ketone at
0.019–20 µg/mL was used as a positive control. The experiments were carried out in
triplicate. For each concentration, enzyme activity was calculated as a percentage of the
velocities compared to that of the assay using a buffer without any inhibitor. The IC50

value, which was the sample concentration that inhibited 50% of the enzyme activity, was
determined by interpolation from the % elastase inhibition vs. concentration curve.

3.8.7. Collagenase Inhibition Assay

An adaptation of the method by Mandl et al. [94] was used to determine anti-
collagenase activity. The following was added to 2 mL test tubes: 25 µL of collagenase
solution (0.8 U/mL); 25 µL of a TES buffer (50 mM) with 0.36 mM of calcium chloride, pH
7.4; and 50 µL of the test sample or the reference compound EDTA (with concentrations
ranging between 15.6 and 250 µg/mL). The tubes were incubated in a water bath at 37 ◦C
for 20 min. Thereafter, 50 µL of a FALGPA (1 mM) solution was added to the tubes and
further incubated for 60 min at 37 ◦C. To all tubes, 200 µL of a solution containing equal
volumes of a 1.6 mg/mL tin chloride (II) solution in 200 mM of a citrate buffer, pH 5, and
50 mg/mL of a ninhydrin solution in DMSO was added. All tubes were placed in a water
bath (100 ◦C) for 5 min and left to cool to room temperature before adding 200 µL of 50%
isopropanol to each tube. The contents in the tubes were then transferred to respective
wells in 96-well plates. Absorbance was detected at 550 nm. The percentage of collagenase
inhibition was calculated as:

% Collagenase inhibition = [(Abscontrol − Abssample)]/Abscontrol] × 100 (5)
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where Abscontrol is the absorbance of the buffer + collagenase and Abssample is the ab-
sorbance of the buffer + collagenase + sample/standard.

All assays were carried out in triplicate, and the results are expressed as IC50, i.e., as
the concentration yielding 50% of collagenase inhibition, calculated by interpolation from
the % collagenase inhibition vs. concentration curve.

3.9. Statistical Analysis

A two-way ANOVA, followed by post-hoc HSD Tukey’s test, were used to assess the
significant differences between samples in each assayed biological test using the open-
source software R [95] (4.2.1 for Windows) and RStudio.

4. Conclusions
This work describes the phytochemical study of C. prolifera and the determination of its

potential for cosmeceutical applications. Following this investigation, this species emerged
as a promising source of enriched fractions and compounds with various interesting
bioactivities. The lipophilic extract of C. prolifera displays significant activity against target
enzymes, particularly tyrosinase. However, the overall antioxidant capacity of this species
appears to be limited.

The extract primarily consists of phthalate and fatty acids, both saturated and unsat-
urated. While saturated fatty acids dominate in quantity, their unsaturated counterparts
exhibit a more diverse and rich profile. Also, other compound classes, such as diterpenes
and sterols, are present in the extract. In addition to the bioactivities observed for the
extract, the known applications of the compounds identified, such as fragrance enhancing,
texture, and emollient properties in cosmetic formulations, suggest considerable potential
for C. prolifera in cosmeceutical development, not only as a bioactive agent but also as an
excipient contributing to improving the physicochemical characteristics of the formulation.

However, the identification of di-(2ethylhexyl) phthalate as the main compound raises
concerns due to its classification as an endocrine disruptor, associated with various adverse
effects on health. The data indicate that C. prolifera seems to be able to either biosynthesize
and/or bioaccumulate this phthalate, necessitating caution in its use for cosmeceutical
formulations. Further fractionation of the extract has enabled the isolation of this compound
into a subfraction which is inactive against the tested bioactivities, while other subfractions
exhibit traces of phthalate and the best bioactivities level.

The fractionation of CP1 resulted in fractions with distinct activities compared to the
initial extract, a common occurrence in natural product discovery. Phenomena such as
synergy or antagonism among the various constituents of an extract can occur, influencing
the observed activities. Fractionation alters the composition, sometimes resulting in a loss
of activity, but it can also lead to increases due to the concentration of compounds that were
previously present in minor quantities.

The chemical composition differences among CP1, CP1.2, and CP1.2.5 revealed by
the GC-MS analysis may account for their divergent bioactivities. Subfraction CP1.2.5
exhibits reduced complexity, with increased proportions of certain compounds correlating
with improved inhibitory activity against elastase and collagenase. The largest amount
of 1-octadecanol in CP1.2.5 confirms an expected enrichment effect during fractionation
and may probably be related to the inhibition of collagenase and elastase. Conversely,
the antioxidant activity of CP1.2.5 decreases with the loss of specific compounds like β-
sitosterol, erucic acid, nervonic acid, and lignoceric acid. The CP1.2.5 subfraction also shows
a reduction in unsaturated fatty acids compared to CP1 and CP1.2, likely contributing to a
lower ability to inhibit tyrosinase. Furthermore, the potential tyrosinase activating effect
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of palmitic acid (dominant in both CP1 and CP1.2) appears limited in CP1.2.5, since the
palmitic acid proportion is lowest.

The phytochemical analysis enhanced our understanding of the potential effects of the
various compounds present in C. prolifera on its bioactivities. This contributes to a more com-
prehensive valorization of this macroalga as a promising source of cosmeceutical ingredients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md23020083/s1, Figure S1. Chromatogram obtained by the GC-MS
analysis of CP1, Figure S2. 1H NMR spectrum of fraction CP1.2.8., Figure S3. 13C NMR spectrum
of fraction CP1.2.8 and Figure S4. Mass spectra of fraction CP1.2.8; Table S1. Antioxidant activity
by DPPH and ABTS methods of C. prolifera extracts. Table S2. ECM degrading enzyme inhibition of
C. prolifera extracts. Table S3. Compounds identified by GC/MS on the dichloromethane extract of
Caulerpa prolifera (CP1). Table S4. Mass of fractions obtained from Sephadex column fractionation
of CP1.2.
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and human exposure. Rocz. Państwowego Zakładu Hig. 2016, 67, 97–103.

68. Huang, L.; Zhu, X.; Zhou, S.; Cheng, Z.; Shi, K.; Zhang, C.; Shao, H. Phthalic acid esters: Natural sources and biological activities.
Toxins 2021, 13, 495. [CrossRef]

69. Mi, L.; Xie, Z.; Xu, W.; Waniek, J.J.; Pohlmann, T.; Mi, W. Air-sea exchange and atmospheric deposition of phthalate esters in the
South China Sea. Environ. Sci. Technol. 2023, 57, 11195–11205. [CrossRef] [PubMed]

70. Wang, M.H.; Chen, C.F.; Albarico, F.P.J.B.; Tsai, W.P.; Chen, C.W.; Dong, C. Concentrations of phthalate esters on indian ocean
silky sharks and their long-term dietary consumption risks. Mar. Biol. Res. 2022, 18, 599–610. [CrossRef]

71. Zhang, Q.; Song, J.; Li, X.; Peng, Q.; Yuan, H.; Li, N.; Duan, L.; Ma, J. Concentrations and distribution of phthalate esters in the
seamount area of the tropical Western Pacific Ocean. Mar. Pollut. Bull. 2019, 140, 107–115. [CrossRef] [PubMed]

72. Pace, A.; Vaglica, A.; Maccotta, A.; Savoca, D. The origin of phthalates in algae: Biosynthesis and environmental bioaccumulation.
Environments 2024, 11, 78. [CrossRef]

73. Chan, H.W.; Lau, T.C.; Ang, P.O.; Wu, M.; Wong, P.K. Biosorption of di(2-ethylhexyl)phthalate by seaweed biomass. J. Appl.
Phycol. 2004, 16, 263–274. [CrossRef]

74. Savoca, D.; Lo Coco, R.; Melfi, R.; Pace, A. Uptake and photoinduced degradation of phthalic acid esters (PAEs) in Ulva lactuca
highlight its potential application in environmental bioremediation. Environ. Sci. Pollut. Res. 2022, 29, 90887–90897. [CrossRef]
[PubMed]

75. Rowdhwal, S.S.S.; Chen, J. Toxic effects of di-2-ethylhexyl phthalate: An overview. BioMed Res. Int. 2018, 2018, 750368. [CrossRef]
[PubMed]

76. Caesar, L.K.; Cech, N.B. Synergy and antagonism in natural product extracts: When 1 + 1 does not equal 2. Nat. Prod. Rep. 2019,
36, 869–888. [CrossRef] [PubMed]

77. Wang, Y.; Wang, T.; Ban, Y.; Shen, C.; Shen, Q.; Chai, X.; Zhao, W.; Wei, J. Di-(2-ethylhexyl) phthalate exposure modulates
antioxidant enzyme activity and gene expression in juvenile and adult Daphnia magna. Arch. Environ. Contam. Toxicol. 2018, 75,
145–156. [CrossRef]

78. Shih, M.-F.; Pan, K.-H.; Cherng, J. Possible mechanisms of di(2-ethylhexyl) phthalate-induced MMP-2 and MMP-9 expression in
A7r5 rat vascular smooth muscle cells. Int. J. Mol. Sci. 2015, 16, 28800–28811. [CrossRef] [PubMed]

79. Reyes-Soto, C.Y.; Villaseca-Flores, M.; Ovalle-Noguez, E.A.; Nava-Osorio, J.; Galván-Arzate, S.; Rangel-López, E.; Maya-López, M.;
Retana-Márquez, S.; Túnez, I.; Tinkov, A.A. Oleamide reduces mitochondrial dysfunction and toxicity in rat cortical slices through
the combined action of cannabinoid receptors activation and induction of antioxidant activity. Neurotox. Res. 2022, 40, 2167–2178.
[CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0044490
https://www.ncbi.nlm.nih.gov/pubmed/22970231
https://doi.org/10.2174/156720109788680877
https://www.ncbi.nlm.nih.gov/pubmed/19604141
https://doi.org/10.1007/s10753-020-01179-z
https://doi.org/10.3389/fmed.2021.724344
https://www.ncbi.nlm.nih.gov/pubmed/34604259
https://doi.org/10.1111/fcp.12049
https://www.ncbi.nlm.nih.gov/pubmed/24102680
https://doi.org/10.1016/j.fct.2009.11.012
https://doi.org/10.3390/molecules29204917
https://www.ncbi.nlm.nih.gov/pubmed/39459284
https://doi.org/10.3390/antiox12020391
https://www.ncbi.nlm.nih.gov/pubmed/36829951
https://doi.org/10.1016/j.cbi.2022.110117
https://doi.org/10.1080/00032719.2013.879658
https://doi.org/10.1016/j.envint.2021.106903
https://www.ncbi.nlm.nih.gov/pubmed/34601394
https://doi.org/10.3390/toxins13070495
https://doi.org/10.1021/acs.est.2c09426
https://www.ncbi.nlm.nih.gov/pubmed/37459505
https://doi.org/10.1080/17451000.2023.2173783
https://doi.org/10.1016/j.marpolbul.2019.01.015
https://www.ncbi.nlm.nih.gov/pubmed/30803624
https://doi.org/10.3390/environments11040078
https://doi.org/10.1023/B:JAPH.0000047778.93467.af
https://doi.org/10.1007/s11356-022-22142-5
https://www.ncbi.nlm.nih.gov/pubmed/35871716
https://doi.org/10.1155/2018/1750368
https://www.ncbi.nlm.nih.gov/pubmed/29682520
https://doi.org/10.1039/C9NP00011A
https://www.ncbi.nlm.nih.gov/pubmed/31187844
https://doi.org/10.1007/s00244-018-0535-9
https://doi.org/10.3390/ijms161226131
https://www.ncbi.nlm.nih.gov/pubmed/26690114
https://doi.org/10.1007/s12640-022-00575-7
https://www.ncbi.nlm.nih.gov/pubmed/36069981


Mar. Drugs 2025, 23, 83 25 of 25

80. Chen, S.; Wang, X.; Wang, X.; Zheng, W.; He, S.; Song, M.; Wang, H. The influence of syringic acid and erucic acid on the
antioxidant properties of natural rubber: Experimental and molecular simulation investigations. Polymers 2022, 14, 4254.
[CrossRef]

81. Goyal, A.; Dubey, N.; Verma, A.; Agrawal, A. Erucic acid: A possible therapeutic agent for neurodegenerative diseases. Curr. Mol.
Med. 2024, 24, 419–427. [CrossRef] [PubMed]

82. Umemoto, H.; Yasugi, S.; Tsuda, S.; Yoda, M.; Ishiguro, T.; Kaba, N.; Itoh, T. Protective effect of nervonic acid against 6-
hydroxydopamine-induced oxidative stress in PC-12 Cells. J. Oleo Sci. 2021, 70, 95–102. [CrossRef] [PubMed]

83. Environmental Protection Agency. Supporting Information for Low-Priority Substance 1-Octadecanol (CASRN 112-92-5) Final
Designation; Environmental Protection Agency: Washington, DC, USA, 2020.

84. Prieto-Blanco, M.C.; Fernández-Amado, M.; López-Mahía, P.; Muniategui-Lorenzo, S.; Prada-Rodríguez, D. Surfactants in
cosmetics. In Analysis of Cosmetic Products; Elsevier: Amsterdam, The Netherlands, 2018; pp. 249–287.

85. Ann Liebert, M.; Alcohol, S.; Alcohol, O.; Dodecanol, O. Final report on the safety assessment of stearyl alcohol, oleyl alcohol,
and octyl dodecanol. J. Am. Coll. Toxicol. 1985, 4, 1–29.

86. Seca, A.M.L.; Gouveia, V.L.M.; Carmo Barreto, M.; Silva, A.M.S.; Pinto, D.C.G.A. Comparative study by GC-MS and chemometrics
on the chemical and nutritional profile of Fucus spiralis L. juvenile and mature life-cycle phases. J. Appl. Phycol. 2018, 30, 2539–2548.
[CrossRef]

87. Blois, M.S. Antioxidant determinations by the use of a stable free radical. Nature 1958, 181, 1199–1200. [CrossRef]
88. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved abts

radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef] [PubMed]
89. Decker, E.A.; Welch, B. Role of ferritin as a lipid oxidation catalyst in muscle food. J. Agric. Food Chem. 1990, 38, 674–677.

[CrossRef]
90. Ling, S.-K.; Tanaka, T.; Kouno, I. Effects of iridoids on lipoxygenase and hyaluronidase activities and their activation by

.beta.-glucosidase in the presence of amino acids. Biol. Pharm. Bull. 2003, 26, 352–356. [CrossRef] [PubMed]
91. Shimizu, K.; Kondo, R.; Sakai, K.; Lee, S.-H.; Sato, H. The inhibitory components from Artocarpus incisus on melanin biosynthesis.

Planta Med. 1998, 64, 408–412. [CrossRef] [PubMed]
92. Manosroi, A.; Jantrawut, P.; Akihisa, T.; Manosroi, W.; Manosroi, J. In Vitro anti-aging activities of Terminalia chebula gall extract.

Pharm. Biol. 2010, 48, 469–481. [CrossRef] [PubMed]
93. Ndlovu, G.; Fouche, G.; Tselanyane, M.; Cordier, W.; Steenkamp, V. In vitro determination of the anti-aging potential of four

southern african medicinal plants. BMC Complement. Med. Ther. 2013, 13, 304. [CrossRef]
94. Mandl, I.; MacLennan, J.D.; Howes, E.L.; DeBellis, R.H.; Sohler, A. Isolation and characterization of proteinase and collagenase

from Cl. histolyticum 12. J. Clin. Investig. 1953, 32, 1323–1329. [CrossRef] [PubMed]
95. R Core Team. R: A Language and Environment for Statistical Computing; R foundation for statistical: Vienna, Austria, 2023.

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/10.3390/polym14204254
https://doi.org/10.2174/1566524023666230509123536
https://www.ncbi.nlm.nih.gov/pubmed/37165502
https://doi.org/10.5650/jos.ess20262
https://www.ncbi.nlm.nih.gov/pubmed/33431776
https://doi.org/10.1007/s10811-018-1447-9
https://doi.org/10.1038/1811199a0
https://doi.org/10.1016/S0891-5849(98)00315-3
https://www.ncbi.nlm.nih.gov/pubmed/10381194
https://doi.org/10.1021/jf00093a019
https://doi.org/10.1248/bpb.26.352
https://www.ncbi.nlm.nih.gov/pubmed/12612446
https://doi.org/10.1055/s-2006-957470
https://www.ncbi.nlm.nih.gov/pubmed/9690341
https://doi.org/10.3109/13880200903586286
https://www.ncbi.nlm.nih.gov/pubmed/20645728
https://doi.org/10.1186/1472-6882-13-304
https://doi.org/10.1172/JCI102861
https://www.ncbi.nlm.nih.gov/pubmed/13109000

	Introduction 
	Results and Discussion 
	Extracts Preparation 
	Bioguided Fractionation of the Extracts 
	Biological Activities of the Extracts 
	GC-MS Analysis 
	Extracts Fractionation 


	Materials and Methods 
	General 
	Standards and Reagents 
	Macroalgae Collection 
	Moisture Determination 
	Extraction 
	Fractionation 
	Liquid–Liquid Partition 
	Column Chromatography 

	GC-MS Analysis 
	Derivatization Procedure 
	GC-MS Experimental Conditions 

	Biological Activities 
	DPPH Radical Scavenging Activity 
	ABTS Radical Scavenging Assay 
	Ferrous Chelating Activity 
	Hyaluronidase Inhibition Assay 
	Tyrosinase Inhibition Assay 
	Elastase Inhibition Assay 
	Collagenase Inhibition Assay 

	Statistical Analysis 

	Conclusions 
	References

