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Abstract

Compounds isolated from the macroalga Caulerpa sertularioides have been reported to ex-
hibit cytotoxic activity. The objective of this study was to assess the antioxidant effects of
compounds isolated from C. sertularioides as well as their antiproliferative effect against
cancerous cell lines and to elucidate their chemical structure. The antiproliferative activ-
ity of C. sertularioides extracts was evaluated using the MTT standard assay in cancerous
and non-cancerous cell lines. Morphological changes were observed via fluorescence mi-
croscopy, and the chemical structure of bioactive compounds was determined by nuclear
magnetic resonance. Antioxidant activity was assessed using ABTS and DPPH methods.
Among all extracts, the acetone extract exhibited the highest antioxidant activity (IC50

of 27.3 ± 6.1 µg/mL) in the ABTS assay, which classifies it as a very potent antioxidant.
Among the tested extracts, the hexane extract showed the strongest antiproliferative ac-
tivity in breast (MDA-MB-231) and cervical cancer (HeLa) cell lines. The most active
fraction (F15), obtained by open-column chromatography of hexane extract, exhibited
the highest bioactivity against the MDA-MB-231 cell line (IC50 of 55 ± 3.1 µg/mL); these
cells exhibited morphological changes consistent with apoptosis. NMR analysis revealed
signals tentatively assigned to 1-monolinolein, glycerol, bis(2-ethylhexyl) phthalate and
bis(2-ethylhexyl) terephthalate. These findings support the potential of C. sertularioides as a
source of bioactive compounds with antioxidant and antiproliferative properties.

Keywords: antiproliferative activity; selectivity index; apoptosis; bioactive compound

1. Introduction
Cancer is a disease characterized by dysregulated control of cell proliferation [1].

This disease is a global public health problem and a leading cause of death. In 2024,
nearly 10 million deaths were attributed to this disease worldwide [2], and it is estimated
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that the number of new cases and deaths will increase in the coming years [3]. The
most common types of cancer are breast, lung, colon and rectum, prostate, skin, and
stomach [4]. Cancer treatment faces several obstacles, including side effects (cardiotoxicity,
nephrotoxicity, myelosuppression, neurotoxicity, hepatotoxicity, gastrointestinal toxicity,
mucositis, alopecia) [5] and the development of drug resistance (influenced by genetic,
epigenetic, proteomic, metabolic, or microenvironmental factors) [6].

In recent decades, progress has been made in the search for new anticancer strategies
emphasizing treatment efficacy while reducing side effects [7] and drug resistance, incor-
porating various strategies, such as combination drug therapy, anti-angiogenic therapy,
allosteric drug therapies, nanomedicine, and traditional medicine [8]. Particular attention
has also been directed toward naturally occurring chemopreventive and chemotherapeutic
agents. These natural molecules generally act at multiple levels and targets, including tran-
scription factors, cytokines, adhesion molecules, growth factor receptors, and inflammatory
enzymes [9].

Due to the wide variety of species and diverse microenvironments, marine species have
been the subject of multiple investigations in the search for promising natural molecules
that could exhibit anticancer activity [10]. Several marine species such as sponges, starfish,
bryozoans, tunicates, sea cucumbers, slugs, bacteria, cyanobacteria, and algae have been
investigated for new bioactive compounds with anticancer potential [11]. Research aimed
at the search for new drugs has also extended to marine algae from the three major groups:
Ochrophyta (brown algae), Rhodophyta (red algae), and Chlorophyta (green algae) [12].
Within this context, the green alga Caulerpa sertularioides has drawn attention due to its rich
phytochemical profile, which includes anticancer compounds such as fatty acids, alkaloids,
carotenoids, chlorophylls, phenolic compounds, sterols, glycoproteins, polysaccharides,
sulfolipids, and terpenoids [13–15]. Supporting this potential, it has been reported that
methanol extracts from C. sertularioides inhibit telomerase activity in acute lymphoblastic
leukemia cell lines [16]. Additionally, polysaccharides extracted from these algae demon-
strated iron-chelating activity, suggesting antioxidant properties [17]. Osuna-Ruiz et al.
observed a notable antiproliferative effect of acetone extracts of C. sertularioides on murine
lymphoma cells [18]. Agena et al. found that ethanolic extracts from the same species
showed cytotoxic, proapoptotic and anti-invasive effects in a three-dimensional lung can-
cer cell model [19]. In another study, Sivakumar et al. observed that gold nanoparticles
containing C. sertularioides aqueous extract induced significant cytotoxic activity against
colon cancer [20]. Altogether, these findings highlight C. sertularioides as a promising source
of compounds with anticancer potential. Therefore, the present study aimed to evaluate the
effect of compounds isolated from C. sertularioides on the proliferation and morphological
changes in human cancer cell lines, assess their antioxidant properties, and elucidate the
chemical structure of bioactive molecules.

2. Materials and Methods
2.1. Collection of the Specimen

Caulerpa sertularioides specimens were collected from the beaches of San Carlos, Sonora,
Mexico (27◦56′29′′ N, 111◦03′07′′ W), in October 2023. The species was identified according
to Norris [21], and a voucher specimen was deposited in the herbarium archive of the
University of Sonora (ID: Ficoteca-USON #17).

Samples were initially rinsed in situ with seawater to remove excess sand and epibionts
and then transported in ice-packed polyethylene bags. In the laboratory, the samples were
rinsed with distilled water and subjected to 1 min sonication to eliminate remaining

https://doi.org/10.3390/scipharm94030079

https://doi.org/10.3390/scipharm94030079


Sci. Pharm. 2026, 94, 79 3 of 17

contaminants. The biomass was then lyophilized, ground into a fine powder, weighed, and
stored at −20 ◦C until further use. The biomass yield was calculated as follows:

Biomass yield (%) =
mass o f dried biomass
mass o f wet biomass

× 100

2.2. Extraction and Isolation of Compounds with Antiproliferative Potential

Bioactive compounds were extracted from C. sertularioides following the methodology
described by Trujillo-Ruiz et al. [22]. For each independent extraction, 40 g of lyophilized
biomass was mixed with hexane at a 1:14 w/v ratio, continuously stirred for 24 h and filtered
under vacuum using Whatman No. 1 filter paper (Cytiva, Little Chalfont, Buckinghamshire,
UK). The filtrate was concentrated using a rotary evaporator (RE300, Yamato Scientific Co.,
Ltd., Tokyo, Japan) at 30 ◦C, followed by final evaporation to dryness under a nitrogen
stream. The residual biomass on the filter paper underwent sequential extraction processes
with acetone and methanol, using the same procedure. Crude extracts were stored at
−20 ◦C until further analysis. All extractions were performed in triplicate.

After solvent removal, each crude extract was weighed, and the extraction yield was
calculated as follows:

Extraction yield (%) =
mass o f dried extract
mass o f dried biomass

× 100

Isolation of bioactive compounds was carried out by gravity-driven open-column
chromatography, following the procedure described by Trujillo-Ruiz et al. [22] with mod-
ifications. The crude extract showing the highest antiproliferative activity was selected
for fractionation. A glass column (2.5 cm i.d., 74 cm length) was packed with silica gel
(70–230 mesh; Sigma-Aldrich, St. Louis, MO, USA), previously activated at 100 ◦C for
24 h. The silica bed was conditioned and packed using 1 L of hexane. After loading
the crude extract onto the column, elution was performed using a stepwise gradient of
hexane:ethyl acetate, starting at 100:0 and gradually increasing the proportion of ethyl
acetate by 2% every 500 mL of mobile phase until reaching 0:100. Eluates were collected in
250 mL portions.

The collected eluates were monitored by thin-layer chromatography (TLC), using
silica gel plates and hexane–ethyl acetate mixtures as mobile phase. Chromatographic
spots were visualized under short- and long-wavelength UV light. The retention factor was
calculated according to the following equation:

R f =
Cd

Mpd
(1)

where Rf is the retention factor, Cd is the distance traveled by compound (cm), and Mpd
is the distance traveled by the mobile phase (cm). Eluates with similar Rf values were
grouped and considered the same fraction.

After pooling eluates with similar TLC profiles, each fraction was evaporated to
dryness, weighed, and its recovery yield was calculated relative to the mass of crude extract
loaded onto the column.

Following the biological evaluation of the chromatographic fractions, the fraction
selected for further chemical characterization was subjected to an additional purification
step using gravity-driven open-column chromatography. A glass column (1 cm i.d.) was
packed with silica gel to a bed height of 9 cm. The selected fraction was loaded onto
the column and eluted using a stepwise gradient of hexane:ethyl acetate at the following
proportions: 80:20, 77:23, 70:30, 60:40, 50:50, 40:60, and 30:70 (v/v). Eluates were collected
sequentially in 5 mL portions, yielding a total of 35 subfractions. Each subfraction was
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analyzed by UV–Vis spectroscopy, and its absorption profile was compared with those of
the parent fraction and a commercial reference standard. Subfractions with similar UV–Vis
profiles were pooled, evaporated to dryness under a nitrogen stream, and subsequently
analyzed by NMR.

2.3. Antioxidant Activity

To evaluate the antioxidant activity of the extracts, two radical scavenging as-
says were conducted, 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay and 2′-azino-bis(3-
ethylbenzothiazolin-6-sulfonic acid) (ABTS) assay, following the method described by
Trujillo-Ruiz et al. [22]. Three independent experiments were conducted, each with
four replicates per treatment. The inhibition percentage was calculated using the
following formula:

% inhibition =
1 − AbS

AbC
× 100 (2)

where
AbS—sample absorbance;
AbC—negative control absorbance.
The half-maximal inhibitory concentration (IC50) was determined by plotting inhibi-

tion versus extract concentration. Results were expressed in Trolox equivalents, using a
standard curve ranging from 0 to 800 µM Trolox.

2.3.1. ABTS Radical Cation Scavenging Assay

A solution containing 3.3 mg of ABTS in 5 mL of distilled water was mixed with
potassium persulfate (K2S2O8, 3.84 mg/mL) at a 1:1 (v/v) ratio and allowed to react for
16 h in the dark at room temperature. Crude extracts were tested at different concen-
trations (15.6, 31.2, 62.5, 125, 250, and 500 µg/mL). For each assay, 900 µL of the ABTS
reagent with an absorbance of 0.8 and 100 µL of sample were combined and incubated for
30 min. Absorbance was read at 734 nm using a GENESYS 10S spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Antioxidant capacity was expressed as µM Trolox
equivalents per gram of extract.

2.3.2. DPPH Radical Scavenging Assay

Extracts were evaluated at the same concentrations described above. For each tube,
900 µL of the DPPH solution (0.06 mg/mL prepared in methanol) with an absorbance of
0.7 and 100 µL of sample were mixed and incubated in the dark at room temperature for
30 min. Absorbance was measured at 540 nm using a GENESYS 10S spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA). Results were reported as µM Trolox
equivalents per gram of extract.

2.4. Cell Lines

This study used five human cancer cell lines, cervical adenocarcinoma (HeLa), colorec-
tal carcinoma (HCT116), invasive breast adenocarcinoma (MDA-MB-231), lung adenocarci-
noma (A549), and prostate adenocarcinoma (22Rv1), along with one non-cancerous cell
line, retinal pigmented epithelium (ARPE-19); all cell lines were provided by the Cancer
Cell Culture Laboratory of the Department of Scientific and Technological Research of the
University of Sonora. The cancer cell lines were selected to represent tumors of different
tissue origins, including several of the most frequently diagnosed cancers worldwide, such
as breast, lung, colorectal, and prostate cancer.

All lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-
Aldrich, St. Louis, MO, USA) or Roswell Park Memorial Institute (RPMI, Sigma-Aldrich, St.
Louis, MO, USA) medium, supplemented with 10% fetal bovine serum (Gibco, Thermo
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Fisher Scientific, Grand Island, NY, USA) and antibiotics, and incubated at 37 ◦C, with 5%
CO2 and 80% humidity.

2.5. Cell Viability Assay

Cell metabolic activity and apparent viability were assessed using the standard
MTT assay described by Mosmann [23]. The MTT assay estimates cellular metabolic
activity based on the enzymatic reduction of MTT to formazan by metabolically active
cells. Therefore, decreases in absorbance were interpreted as reductions in metabolic
activity and apparent cell viability rather than as direct evidence of cell death. Briefly,
10,000 cells per well were seeded in a 96-well plate and treated with different crude extracts
at two concentrations (100 and 200 µg/mL); two concentrations (100 and 50 µg/mL) were
used to evaluate the fractions. After 48 h, 10 µL of MTT reagent (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazole bromide) was added and incubated for 4 h. Then, 50 µL of
dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals. Optical den-
sity was read using a microplate reader (AD340, Beckman Coulter, Salzburg, Austria) at
570 nm, using 650 nm as the reference wavelength. DMSO, doxorubicin and cisplatin
(Cis-diamminedichloroplatinum (II), Sigma-Aldrich, St. Louis, MO, USA) were used as
negative and positive controls, respectively. Three independent experiments in triplicate
were carried out for each treatment.

2.6. IC50 Estimation and Selectivity Index

The half-maximal inhibitory concentration (IC50) was calculated from the linear re-
gression equation based on the percentage of cell viability at different concentrations. This
value was used to determine the selectivity index (SI), which indicates the specificity of
a compound against cancer cells, as described by Dissanayake et al. [24]. The SI was
calculated using the following formula:

SI =
IC50 o f normal cell line
IC50 o f cancer cell line

(3)

In the present study, the SI was used as an exploratory comparison between the
response of the cancer cell lines and that of the non-cancerous ARPE-19 cell line. Be-
cause ARPE-19 cells are not tissue-matched counterparts of the evaluated cancer cell
lines, the calculated SI values should not be interpreted as definitive evidence of tumor-
specific selectivity.

2.7. Fluorescence Cell Staining and Microscopy Assay

To observe morphological and structural changes induced by the treatment, the
method described by Van Vuuren et al. was employed [25]. Briefly, 10,000 cells per
well were seeded in 96-well microplates, incubated for 24 h, and then treated with the
bioactive fraction at the IC50. After 24 h, cells were fixed with 3.7% formaldehyde in
phosphate-buffered saline (PBS) for 15 min, and permeabilized with 0.2% Triton X-100 in
PBS for another 15 min.

Cells were stained with phalloidin-tetramethylrhodamine B isothiocyanate (phalloidin,
50 µg/mL) (Sigma-Aldrich, St. Louis, MO, USA) solution to visualize F-actin, and 4′,6-
diamidino-2-phenylindole, dilactate (DAPI, 1.5 µg/mL) (Sigma-Aldrich, St. Louis, MO,
USA), to stain DNA. Cell morphology was examined using an inverted epifluorescence
microscope (DMi8, Leica Microsystems CMS GmbH, Wetzlar, Germany).
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2.8. Proton and Carbon Nuclear Magnetic Resonance Analysis

The fractions with the highest biological activity were characterized by nuclear mag-
netic resonance (NMR) using a Bruker Avance III 400 spectrometer (Bruker BioSpin GmbH,
Rheinstetten, Germany). Tetramethylsilane (TMS) was used as the internal reference for
both 1H and 13C NMR analyses (δH = 0 ppm and δC = 0). The samples were dissolved in
deuterated chloroform (CDCl3; Sigma-Aldrich, Saint Louis, MO, USA) at a concentration
of 20 mg/mL and transferred to 5 mm NMR tubes. Chemical shifts were reported in parts
per million (ppm).

2.9. Statistical Design and Analysis

A completely randomized experimental design was used for cell viability studies.
Data are presented as mean ± standard error (SE), based on at least three replicates from
three independent experiments. Statistical analyses were performed using analysis of
variance (ANOVA), and Tukey’s multiple range test was applied to determine significant
differences between treatments (p < 0.05). All statistical evaluations were conducted using
the Minitab 18 statistical package.

3. Results
3.1. Collection, Extraction, and Isolation

The collection of Caulerpa sertularioides accounted for a total of 1.34 kg (wet weight).
After drying, the sample weight was reduced to 255 g, indicating a moisture content of 81%.
After sequential extraction, the highest yields were obtained after extraction with methanol
(11.9%), followed by hexane (3%) and acetone (2.3%).

3.2. Antioxidant Activity

The radical scavenging capacity of C. sertularioides extracts was evaluated;
Table 1 presents the IC50 values of C. sertularioides extracts obtained using hexane, acetone,
and methanol in the ABTS and DPPH radical scavenging assays. The acetone extract
exhibited very potent antioxidant activity in the ABTS assay, whereas all other extracts
were categorized as weak in the ABTS assay or inactive in the DPPH assay.

Table 1. Antioxidant activity of crude extracts of C. sertularioides expressed as the IC50 value (µg/mL).

Sample ABTS DPPH

Hexane 70.0 ± 11.5 ab 348.3 ± 82.2 b

Acetone 27.3 ± 6.1 bc 445.7 ± 59.4 b

Methanol 95.0 ± 16.3 a 1693.0 ± 43.1 a

Trolox 2.9 ± 0.1 c 4.8 ± 0.8 c

The values represent the mean of three independent determinations ± standard error. The different
letters in the same column indicate a significant difference between the treatments in each assay
(p < 0.05).

3.3. Cell Viability Assay
3.3.1. Crude Extracts

The crude extracts were evaluated at 100 and 200 µg/mL in cancerous and non-
cancerous cell lines, to determine their effect on MTT reduction as an indicator of cellular
metabolic activity and apparent viability (Table 2). The hexane extract produced the greatest
reduction in MTT-derived metabolic activity, with apparent viability values of 10% and
18% in MDA-MB-231 and HeLa cells, respectively, at a concentration of 200 µg/mL. The
acetone extract was also able to reduce the viability of the breast cancer cell line to 14% at
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a concentration of 200 µg/mL. The methanol extract showed no significant effect at the
tested concentrations.

Table 2. Apparent viability of human cell lines exposed to C. sertularioides extracts at
different concentrations.

Extract Dose (µg/mL)
Cell Line Viability (%)

MDA-MB-231 HCT116 22Rv1 HeLa A549 ARPE-19

Hexane
200 10.0 ± 0.6 a 39.0 ± 13.3 ab 51.0 ± 7.7 b 18.0 ± 8.0 ab 50.0 ± 26.0 ab 79.0 ± 16.0 bc

100 89.0 ± 11.9 d 92.0 ± 21.5 cde 99.0 ± 3.9 cd 94.0 ± 6.5 cde 106.0 ± 10.0 bc 109.0 ± 18.0 cd

Acetone
200 14.0 ± 6.1 ab 32.0 ± 21.3 ab 50.0 ± 4.6 b 56.0 ± 3.5 bc 54.0 ± 19.0 ab 50.0 ± 7.0 ab

100 59.0 ± 6.0 c 66.0 ± 11.9 bcd 77.0 ± 2.8 c 72.0 ± 8.0 c 123.0 ± 23.0 bc 79.0 ± 10.0 bc

Methanol
200 96.0 ± 8.5 d 97.0 ± 11.9 de 114.0 ± 3.9 de 94.0 ± 4.5 cde 88.0 ± 5.0 bc 110.0 ± 7.0 cd

100 95.0 ± 2.9 d 97.0 ± 5.6 de 108.0 ± 3.3 de 106.0 ± 7.5 def 160.0 ± 28.0 bc 111.0 ± 4.0 cd

Doxorubicin 200 35.0 ± 6.8 bc 55.0 ± 15.5 abc 40.0 ± 9.3 b 42.0 ± 9.0 b 27.0 ± 3.0 a 70.0 ± 6.0 abc

Cisplatin 200 14.0 ± 2.0 ab 27.0 ± 8.7 a 8.0 ± 0.5 a 10.0 ± 0.5 a 41.1 ± 2.0 b 29.0 ± 4.0 a

Values represent the mean of triplicate determinations ± standard error. The different letters in
the same column indicate significant differences between the concentrations for each cell line
(p < 0.05). Control cell cultures were incubated with DMSO and considered as 100% viability.
ARPE-19, retinal pigment epithelial cells; A549, human lung adenocarcinoma cells; HeLa, human
cervical adenocarcinoma cells; 22Rv1, human prostate carcinoma cells; HCT116, human colorectal
carcinoma cells; MDA-MB-231, human invasive breast adenocarcinoma cells.

3.3.2. Selectivity Index of Crude Extracts

All tested cell lines were exposed to various concentrations of either hexane or acetone
extracts and IC50 values and selectivity indices were calculated. The results are summarized
in Table 3, which shows that the hexane extract exhibited the highest selectivity index
toward the MDA-MB-231 cell line. Based on these results, this extract was selected for
further purification and evaluation in this cell line. As the methanol extract did not show
any effect on the tested cell lines, it was excluded from further analysis.

Table 3. Selectivity index of crude extracts from C. sertularioides.

Extract MDA-MB-231 22Rv1 HeLa HCT116 A549

Hexane 2.13 1.43 1.93 1.62 1.51
Acetone 1.66 1 0.85 1.35 0.97

3.3.3. Fractions

The hexane extract was selected for fractionation because it showed the highest ex-
ploratory selectivity index against MDA-MB-231 cells among the evaluated extract–cell line
combinations, as shown in Table 3. Consequently, MDA-MB-231 cells were selected as the
cancer cell model for the subsequent activity-guided evaluation. The hexane extract was
fractionated by open-column chromatography, and the collected eluates were monitored
under short- and long-wavelength UV light and grouped into 36 fractions according to
similarities in their TLC profiles and Rf values. The amount obtained for each fraction
ranged from 2.2 to 52.0 mg. The yields, calculated relative to the initial dry algal biomass
used for extraction, ranged from 0.005% to 0.121%. The amounts, yields, and TLC Rf values
of the 36 fractions are presented in Table S1.

All fractions were tested against the MDA-MB-231 cell line at a concentration of
100 µg/mL. Fractions 13, 15–17, and 19–24 reduced breast cancer cell viability down to
<20% (Figure 1A). These 10 fractions were tested at 50 µg/mL to select the one with the
highest activity (Figure 1B). Results show that fractions 15–17 and 20–23 decreased cell
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viability to below 80%. Figure 1C shows that fractions 13, 15, 17, 23, and 24 did not
markedly reduce the viability of ARPE-19 cells.
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Figure 1. Effects of C. sertularioides fractions on the apparent viability of MDA-MB-231 and ARPE-19
cells. MDA-MB-231 cells were treated at (A) 100 µg/mL and (B) 50 µg/mL, whereas ARPE-19
cells were treated at (C) 50 µg/mL. Values represent the mean ± SE of three independent experi-
ments. Asterisks indicate significant differences (p < 0.05). The positive control culture was treated
with cisplatin (200 µg/mL) and the culture treated with DMSO was considered to represent 100%
apparent viability.

3.3.4. IC50 and Selectivity Index of Fractions

Fractions that produced the greatest reductions in MTT-derived metabolic activity
were selected for further analysis. IC50 values were determined in MDA-MB-231 and
ARPE-19 cells, and exploratory selectivity indices were calculated (Table S2). Fractions
15 and 16 showed the highest SI values among the evaluated fractions. However, be-
cause ARPE-19 cells are not a tissue-matched non-cancerous counterpart of MDA-MB-231
cells, these values were used only as preliminary indicators for prioritizing fractions for
subsequent analyses.
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3.4. Fluorescence Cell Staining and Microscopy Assay

Nuclear and cytoskeletal staining was used to assess whether the compounds isolated
from C. sertularioides modify cellular structure. MDA-MB-231 cells treated with fraction
15 displayed characteristics of apoptotic cells, with most exhibiting chromatin condensation
and volume reduction; some showed membrane projections, protrusions, and chromatin
fragmentation (Figure 2).

 

Figure 2. Fluorescence micrographs of untreated MDA-MB-231 cells (control) and cells treated with
fraction 15 at its IC50. Images were captured at 20× magnification. Cells were stained with DAPI to
visualize nuclei and phalloidin to visualize the cytoskeleton. Scale bar = 50 µm.
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3.5. Proton and Carbon Nuclear Magnetic Resonance Analysis

The acquired 1H NMR spectra in CDCl3 are shown in Figure S1. In fraction 15
(Figure S1A), the major component exhibits 1H NMR signals at δ 8.09 (singlet, aro-
matic H), 4.29 (triplet, CH2–O), 1.75 (multiplet, CH–CH2), 1.50–1.20 (multiplet, aliphatic
CH2), and 1.02–0.85 ppm (multiplet, aliphatic CH3). The 13C NMR spectrum showed
signals at δ 165.96, 134.23, 129.24, 67.59, 38.99, 30.66, 29.00, 23.98, 22.82, 14.15, and
11.20 ppm, consistent with those reported for bis(2-ethylhexyl) terephthalate. In fraction 16
(Figure S1B), terephthalate signals were predominant and bis(2-ethylhexyl) phthalate sig-
nals were present in a reduced proportion.

Based on its antiproliferative activity and selectivity index, fraction 15 was selected
for additional chromatographic separation. This procedure yielded 35 subfractions, which
were analyzed by UV–Vis spectroscopy and compared with the absorption profiles of the
parent fraction and a commercial reference standard. Subfractions 1–10 exhibited absorp-
tion profiles similar to that of fraction 15, while showing a lower intensity of the signal
associated with the reference standard. Therefore, these subfractions were pooled and
designated SF1–10 for subsequent NMR analysis. In the 1H NMR spectrum of SF1–10
(Figure S1C), terephthalate signals were markedly reduced, whereas the signals attributed
to bis(2-ethylhexyl) phthalate are more clearly observed at δ 7.70 and 7.51 (doublets,
aromatic H), 4.23 (triplet, CH2–O), 1.70 (multiplet, CH–CH2), 1.46–1.30 (multiplet), and
0.96–0.86 ppm (triplet, CH3). In the expanded region from δ 9 to 2 ppm, minor component
signals are visible. The signals at δ 4.05–4.40 ppm correspond to CH2 groups bonded to
electronegative atoms (present in terephthalate, phthalate, and glyceride moieties), those at
δ 5.20–5.30 ppm correspond to unsaturated protons (–CH=CH–), those at δ 3.15–3.35 ppm
are characteristic of glycerol, signals at δ 4.11 and 2.30–2.40 ppm correspond to CH2 groups
adjacent to unsaturated bonds, and the high-field region (δ 1.50–0.80 ppm) includes the
CH2 and CH3 of aliphatic chains. These minor signals are consistent with those reported
by Nieva-Echevarria et al. for 1-monolinolein and linoleic acid [26]. It was not possible to
characterize the minor components by 13C NMR because of their low concentration. The
main compounds proposed from the NMR spectra are summarized in Table S3.

To assess whether the phthalate- and terephthalate-related signals detected in fraction
15 could have originated from either the hexane used during extraction or from the chro-
matographic purification procedure, five concentrated hexane samples representing stages
of the procedure were analyzed by 1H NMR. No signals were detected in the aromatic
region of the 1H NMR spectra, and only the characteristic resonances of hexane were
observed (Figure S2). These results reduced the likelihood that the analyzed solvents and
silica gel were the source of the aromatic signals observed in fraction 15.

Furthermore, to assess whether the antiproliferative effect of fraction 15 could be
associated with the proposed phthalate derivative, a commercial phthalate standard (bis(2-
ethylhexyl) phthalate) was evaluated in ARPE-19 and MDA-MB-231 cells (Figure S3). The
phthalate standard did not induce a marked or concentration-dependent reduction in cell
viability at concentrations ranging from 12.5 to 400 µg/mL in ARPE-19 cells (Figure S3A).
In MDA-MB-231 cells, cell viability ranged from approximately 80 to 105% (Figure S3B),
whereas fraction 15 exhibited an IC50 of approximately 55 µg/mL. These results indicate
that the antiproliferative activity of fraction 15 cannot be attributed solely to DEHP, since
the commercial standard did not reproduce the concentration-dependent reduction in
MDA-MB-231 cell viability observed for fraction 15. Therefore, the activity may involve
other constituents of the fraction or combined effects among its components.

Further isolation and structural confirmation of the individual constituents will be
required to identify the compound or compounds responsible for this activity.
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4. Discussion
Caulerpa sertularioides is native to Mexico and appears in both the Gulf of Mexico and

the Pacific Ocean [21]. In the present study, specimens were collected along the coast of
Sonora, northern Mexico. Seaweed chemical composition and extraction yield may vary
depending on several factors, including biogeographic region [27]. The moisture content
and extraction yields obtained in this study were comparable to those reported by Osuna-
Ruíz et al. for C. sertularioides collected in Sinaloa [18,28]. Belkacemi et al. reported hexane
and methanol extraction yields of 3.9% and 10.2%, respectively, from C. racemosa [29], while
Mehra et al. reported an 8% methanol extraction yield for C. taxifolia [30]. Differences among
studies may reflect species-specific and environmental factors; nevertheless, extraction
yields generally increased with solvent polarity.

Antioxidants play an essential role in protecting cells against oxidative damage caused
by reactive oxygen species (ROS) generated during cellular metabolism [31]. In the present
study, the acetone extract had potent antioxidant capacity as assessed by the ABTS assay,
whereas the hexane and methanol extracts showed moderate activity.

Comparable ABTS antioxidant activity has been reported for Caulerpa species, includ-
ing hexane, acetone, and methanol extracts of C. sertularioides with values below 10 vitamin
C equivalents [18], an aqueous extract of C. sertularioides with an EC50 of 11 µg/mL [14],
and hexane and methanol extracts of C. racemosa with EC50 values of 3540 µg/mL [29].
In contrast, all extracts evaluated in the present study showed weak DPPH activity
(IC50 > 250 µg/mL). Similar low activity has been reported for several Caulerpa species
evaluated using the DPPH method, including methanol and acetone extracts of C. sertulari-
oides, with EC50 of 116,400 µg/mL and 150,600 µg/mL, respectively [18], and for hexane
and methanol of C. racemosa (11,070 µg/mL and 42,060 µg/mL, respectively) [29]. Lower
EC50 values have also been reported for aqueous and protein extracts of C. sertularioides
(10 and 181 µg/mL, respectively) [14,32], whereas polysaccharides from C. taxifolia reduced
DPPH radical activity by 16% at 1000 µg/mL [33].

Previous studies have reported antioxidant compounds in Caulerpa extracts, including
flavonoids, chlorophylls, phenolic compounds, carotenoids, and lectins [18,28,29,32,33].
Natural polyphenols are recognized for their antioxidant, anti-inflammatory, cytotoxic,
antineoplastic, and immunomodulatory properties and have been proposed as chemo-
preventive and chemotherapeutic agents [34–36]. Certain flavonoids can also modulate
cancer-related signaling pathways [37], while pigments, particularly carotenoids, have
been widely associated with antioxidant and anticancer activities [18,38].

The MTT assay estimates cellular metabolic activity through the enzymatic reduction
of MTT to formazan by metabolically active cells. Therefore, the reductions observed in
the present study should be interpreted as decreases in metabolic activity and apparent
cell viability rather than as direct evidence of cytotoxicity or cell death. Changes in MTT
reduction may result from a decrease in cell number, suppression of cellular metabolism, or
loss of viability, which cannot be distinguished by this assay alone.

The hexane and acetone extracts reduced MTT-derived metabolic activity in all eval-
uated cancer cell lines, although the magnitude of this effect varied among them. These
differences may reflect variations in tissue origin, metabolic characteristics, proliferation
rates, membrane transport, and molecular profile, which can influence compound uptake,
metabolism, and intracellular targets. MDA-MB-231 and HeLa cells showed the greatest
reductions in metabolic activity; however, because the underlying mechanisms were not
investigated, these findings should be interpreted as a preliminary indication of differential
sensitivity rather than evidence of a tissue-specific effect.
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The effects observed in breast cancer cells were comparable to those reported for
other Caulerpa species by Mehra et al. (IC50 of 190 µg/mL) and Sanger et al. (IC50 of
24 µg/mL) [30,39].

The biological activity of fractions obtained by open-column chromatography and
monitored by TLC of C. sertularioides was further assessed. Several fractions reduced the
apparent viability of MDA-MB-231 cells, with fraction 15 exhibiting the highest selectivity
index (3.75).

Similarly, Nurkolis et al. reported selectivity indices of 17.9 and 14.3 for hexane extracts
of C. lentillifera against MDA-MB-231 and MCF-7 cells, respectively [40]. Dissanayake et al.
reported selectivity indices of 4.49 and 2.48 for a crude polyphenolic extract of C. racemosa
against KAIMRC1 and MDA-MB-231, respectively [24]. The selectivity indices obtained
in the present study should be interpreted cautiously because ARPE-19 was the only non-
cancerous cell line evaluated and is not tissue-matched to the cancer cell lines. Therefore,
these values provide only a preliminary indication of differential sensitivity. Future studies
should include tissue-matched non-cancerous models, particularly a non-tumorigenic
mammary epithelial cell line for comparison with MDA-MB-231.

Apoptosis is essential for cellular homeostasis in multicellular organisms and can be
triggered by both intra- and extracellular signals [41]. This process is characterized by
distinct morphological changes, including cell shrinkage, membrane blebbing, chromatin
condensation, DNA fragmentation, and the formation of apoptotic bodies [42,43]. In
addition, early activation of caspases may lead to the formation of membrane protrusions
or microtubule-associated spikes, which have been associated with exposure to genotoxic
compounds [44].

In the present study, fraction 15 induced morphological changes in MDA-MB-231 cells
consistent with apoptosis, including cell contraction, nuclear condensation, and fragmen-
tation. Similar alterations have been reported for ethanolic extracts of C. sertularioides in
SKLU-1 lung cancer cell line [19], methanol extracts of C. racemosa and C. scalpelliformis [45],
compounds extracted from C. lentillifera in MCF-7 breast cancer cells [46], and ethanolic
extracts of C. racemosa in HeLa cervical cancer cells [47].

Fraction 15 exhibited the highest biological activity against MDA-MB-231 and was
therefore selected for structural characterization. The 1H and 13C NMR spectral signals
were consistent with those reported for bis(2-ethylhexyl) terephthalate (DEHT) [48].

Phthalates and related plasticizers have been reported in marine environments and
organisms, including macroalgae, where their presence may result from environmental
contamination and bioaccumulation [49]. Some macroalgal species can accumulate specific
plasticizers from the surrounding medium under controlled conditions [50]. In addition,
the possible natural production of some phthalates by macroalgae has been proposed based
on comparisons of the natural abundance of 14C in compounds isolated from biological
sources and in industrial products [51].

Because DEHP and DEHT are also common laboratory contaminants [52,53], the
possibility that the signals detected in fraction 15 originated from reagents or materials
used during extraction and purification was carefully considered. 1H NMR analyses of
the different hexane sources and of hexane passed through the silica gel column did not
show detectable aromatic signals attributable to these compounds. Although these controls
reduced the likelihood that the analyzed solvents and silica gel were the source of the
detected signals, they do not completely exclude incidental contamination from other
materials used during sample handling.

The commercial DEHP standard did not reproduce the antiproliferative effect observed
for fraction 15 in MDA-MB-231 cells, indicating that DEHP alone is unlikely to account for
the observed activity. However, because the individual constituents could not be completely
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isolated, the active compound or compounds, and possible combined effects among the
components, remain to be determined.

Fraction 15 contained signals consistent with linoleic acid and 1-monolinolein, al-
though in lower proportions. Ogata et al. reported that linoleic acid suppressed energy
metabolism in cancer cells, inducing a quiescent metabolic state and cellular dormancy [54].
Cancer dormancy has been associated with late recurrence, metastasis, therapeutic resis-
tance and immune evasion [55].

García et al. reported that linoleic acid promoted extracellular vesicle release from
MDA-MB-231 cells, enhancing angiogenesis in human umbilical vein endothelial cells [56].
These findings suggest that linoleic acid may exert complex and context-dependent effects
in cancer biology. Therefore, the contribution of linoleic acid to the antiproliferative
activity observed in fraction 15 cannot be directly inferred and may involve concentration-
dependent mechanisms or interactions with other metabolites.

Vu et al. reported cytotoxic activity of 1-monolinolein against lung cancer [57]. Net-
work pharmacology and molecular docking analyses also report favorable interactions
of this compound with seven colon cancer-related targets [58]. In addition, Berdesh et al.
demonstrated cytotoxic effects of 1-monolinolein against prostate, colon, and breast cancer
cell lines [59].

The lipophilic compounds detected in fraction 15 may contribute to the observed
antiproliferative effects through mechanisms involving cell-cycle arrest and cell death.
However, because these compounds were detected within a complex mixture, their in-
dividual contribution to biological activity cannot be established. Further purification,
quantitative analysis, and mechanistic evaluation are therefore required to clarify their
specific role in the observed activity.

Overall, this study expands current knowledge of the bioactive potential of marine
macroalgae from the Mexican Pacific. By integrating chemical characterization and bio-
logical evaluation, it provides new evidence of the antiproliferative activity of lipophilic
fractions from C. sertularioides, a comparatively underexplored species. The tentative de-
tection of compounds previously associated with cytotoxic activity further supports the
pharmacological relevance of this macroalga. However, additional studies are required
to isolate the active constituents, confirm their structures, and clarify the mechanisms
underlying the observed effects.

5. Conclusions
The present study showed that lipophilic extracts obtained from C. sertularioides exhibit

antiproliferative activity against breast cancer cells, with fraction 15 displaying the highest
antiproliferative activity and selectivity among the evaluated fractions. NMR analysis re-
vealed signals tentatively assigned to 1-monolinolein, linoleic acid, bis(2-ethylhexyl) phtha-
late, and a terephthalate-related compound. The origin of the phthalate- and terephthalate-
related signals could not be conclusively established; however, the commercial DEHP
standard did not reproduce the antiproliferative effect of fraction 15, indicating that DEHP
alone is unlikely to account for the observed activity. MDA-MB-231 cells treated with
fraction 15 exhibited morphological alterations consistent with apoptosis, including cell
shrinkage, chromatin condensation, and nuclear fragmentation.

These findings support the potential of C. sertularioides as a source of fractions contain-
ing compounds of pharmacological interest. However, given the chemical complexity of the
analyzed fraction, and the inability to completely isolate the individual constituents, further
purification, quantitative characterization, and mechanistic studies are required to confirm
the proposed compounds, determine their origin, identify the constituents responsible for
the antiproliferative activity, and elucidate molecular pathways involved.
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