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Abstract: In recent years, the massive influx of pelagic Sargassum spp. has generated great interest in
the scientific community, highlighting the urgency of addressing the physiology and biochemical
composition of these species. Until now, the presence of lignified cells in the tissue of Sargassum natans
and Sargassum fluitans has not been reported. Although “lignin-like” compounds have been identified
in green algae, the presence of true lignin in the Sargassum genus has not been confirmed. Our work
is the first report of lignified cells forming the secondary cell wall in these Sargassum. This study used
histological techniques applied to thick sections for identifying lignin-like tissues in Sargassum spp.
The dyes as Safranin O and Toluidine have been used to differentiate lignin and cellulose in conduct-
ing tissue and to indicate the presence, absence, and distribution of these compounds in tissues. This
work is the initial study of the cell wall heteropolymers structure and arrangement in Sargassum spp.,
providing insights into the unique cell wall architecture of these seaweeds.

Keywords: Sargassum spp.; cell wall; histological study; polyphenols complex aromatic

1. Introduction

The Caribbean and western Atlantic equatorial surface waters have been historically
considered oligotrophic [1]; however, large phytoplankton blooms in the eastern Caribbean
during 2009 and 2010 were observed and attributed to unusually large Amazon river
plumes; these events, together with satellite data, indicated that such events had not
happened in the past 30 years [2,3]. Likewise, during Amazon non-flood years before
2011, Sargassum spp. (Phaeophyceae, Fucales) blooms and subsequent impacts to coastal
beaches were small or non-existent [4,5]. Since 2011, large quantities of Sargassum have
been observed recurrently in what was recently called the great Atlantic Sargassum belt [4],
and several studies have recognized an area that comprises a stretch of open ocean between
West Africa and South America as the new source of the pelagic Sargassum spp. that arrive
in the tropical Atlantic and the Caribbean.

Accumulations of Sargassum occur naturally and regularly in coastal areas, although
in smaller quantities than the atypical arrival of what is called “golden tides” occurring
since 2011, with a maximal accumulation of more than 20 million metric tons observed in
June 2018 on the Caribbean area [4]. Sargassum arrivals play an ecological role in beach
nourishment and shoreline stability and provide nutrients for dune plants and sea birds
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that feed on fauna carried by the macroalgae. However, the massive influx of Sargassum
and subsequent decaying on the beach may not be aesthetically acceptable to beach users,
resulting in the demise of local tourism industries; in addition, there are negative ecological
consequences in affected areas [6–8].

During the displacement of pelagic Sargassum through well-described transport path-
ways between the Equatorial Atlantic and the Caribbean Sea [9], the abiotic stresses such
as UV-B (ultraviolet B) radiation can result in severe damage to nucleic acids, proteins,
pigmentation, rubisco, photosynthesis, growth, and reproduction [10]; additionally, toxic
heavy metals have been reported in pelagic Sargassum [11]. Exposition to stress can stim-
ulate the production of several secondary compounds such as flavonoids, tannins, and
phenolic compounds, all of which are thought to have played an important role in plant
transition from water to land [12–18].

In the framework of circular economy, invasive species of seaweed are good candidates
for use as a resource, and biorefinery is a strategy that allows the full use of biomass (e.g.,
biogas, biofertilizer, alginate, and fine chemicals), however, knowledge of the biomass
adequate composition is required in order to reach an adequate valorization of them [7,19].

Although the presence of polyphenolic and lignin-like compounds has been reported
in various algae in response to stress conditions [20–22], the presence of true lignin in
Sargassum genus has not been confirmed.

Many studies have focused on the processes of lignin detected in cell walls by use
of histological techniques [23,24]. Over the years, several dyes and different staining
techniques have been used to differentiate lignin and cellulose in xylem, which can be
used to demonstrate the presence/absence and distribution of these compounds in various
tissues [23–25].

The aim of this preliminary study was to characterize complex polyphenol compounds
in pelagic Sargassum spp. using a histological staining approach. This work provides
a foundational baseline to further understand the cell wall heteropolymer architecture
and arrangement of these macroalgae. This will allow for more efficient pretreatment
strategies to access the valuable compounds offered by Sargassum spp. under the concept
of biorefinery.

2. Materials and Methods
2.1. Biomass Collection and Preparation

Samples of pelagic Sargassum spp. were collected in May 2019 at Puerto Morelos,
Quinta Roo, Mexico. The harvested macroalgae were first washed with distilled water to
remove salts and sand, and the samples were identified (S. natans and S. fluitans) using
morphological keys [26] and then divided into two batches: one portion was used for
histochemical analysis, and the other portion was dried at ambient temperature. Dried
samples were pulverized and sieved using an 80-mesh screen to obtain particles less than
0.177 mm in size, which were further used for the chemical composition analysis.

2.2. Physical-Chemical Characterization
2.2.1. Chemical Composition

The dried material was used for the determination of the extractives in organic solvents
in hot water, and Klason lignin was determined in triplicate according to the TAPPI
T222 om-02 [27] modified technique. In the first step, extractives were obtained with
benzene-ethanol (2:1 v/v) and ethanol (95% v/v) by Soxhlet extraction, and over a 4 to 5 h
period the heaters were adjusted to provide a boiling rate with no less than 24 cycles to
assure the extractions of the specimens. Rotatory evaporation at 40 ◦C (IKA HB10 digital,
Staufen, Germany) was used to concentrate the extraction, according to TAPPI 204 CM [28].
Second, the content of extractives soluble in hot water was determined according to TAPPI
standard method T 207 cm-99 [29]; then, 1 g of free extractives material was subjected
to acid hydrolysis with 15 mL of 72% (v/v) H2SO4. By using a laboratory water bath
(Novatech, Tlaquepaque, Mexico), the sample was kept at a constant temperature of 15 ◦C
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and agitation for 2 h. Third, the suspension was diluted into deionized water to reach a 4%
(v/v) concentration and boiled for 4 h. The diluted suspension was filtered by an F-type
glass filter previously conditioned to constant weight, and the insoluble material was dried
in a convection oven. The lignin content was determined using the following equation,

% Lignin =

[(m f

mi

)
×

(
1 − Exttot

100

)]
× 100 (1)

where mf is the recovered weight (g), mi is the weight of sample-free extractives (g), and
Exttot is the percentage of total extractives (%).

2.2.2. Thermogravimetric Analysis (TGA)

TGA analysis of Sargassum samples (S. natans and S. fluitans) was carried out using a
Perkin Elmer TGA 8000 (PerkinElmer, Walthman, MA, USA). A TG curve was obtained
under a nitrogen atmosphere with a flow rate of 10 mL/min and a heating rate of 10 ◦C/min
from 50 to 700 ◦C with a sample mass of 10 mg in a platinum pan. The mass loss rate in the
derivative form (derivative thermogravimetry, DTG) was also calculated in triplicate.

2.2.3. Scanning Electron Microscopy (SEM)

To study the microscopic structure of the raw material and carbon residue from the
TGA test of macroalgae, a scanning electron microscope (SEM, model JSM-6360LV, JEOL,
Tokyo, Japan) was used. Macroalgae samples were mounted on a metallic stub using
double-sided adhesive tape coated with a 15 nm gold layer and observed at 20 kV.

2.2.4. Fourier Transforms Infrared (FT-IR) Analysis

The functional groups of Sargassum samples (S. natans and S. fluitans) were determined
using a Bruker spectrophotometer FT-IR Tensor II model (Milton, ON, Canada). Samples
were analyzed in Platinum ATR (Attenuated Total Reflection), and spectra were obtained
in the region of 4000–400 cm−1 at 4 cm−1 resolution with 32 scans.

2.2.5. Histological Analysis

To analyze the internal structures of pelagic Sargassum, a modification to a previously
reported [30,31] process was applied to stem segments of approximately 0.5 mm long. All
samples were fixed in FAA solution (40% formaldehyde, glacial acetic acid, 95% ethanol,
and distilled water, 10:5:50:35 parts, respectively) for 96 h and kept at 4 ◦C in the darkness
during the whole histological process. Samples were rinsed with distilled water and
dehydrated with ethanol (30, 50, 70, 85, 96, and 100% v/v). At the beginning of each
treatment, vacuum was applied for 15 min, and the samples continued in the solution
for another 45 min. Before the ethanol concentration was increased, every treatment was
repeated twice, time with a new solution [32].

Tissues were embedded in Glycol methacrylate plastic resin according to manufac-
turer’s instructions (JB-4 Embedding Kit, Polysciences, Inc. Parrington, PA, USA). Cross
and tangential sections 2–4 µm thick were prepared from tissues using an HM 325 rotary
microtome (Themo Fisher Scientific, Waltham, MA, USA).

Histological sections were stained independently with Safranin O dye (0.5%, w/v; in
95% ethanol) for 30 s and with 0.5% toluidine blue in 200 mM acetate buffer [31]. Then, the
sections were washed with distilled water for 30 s and allowed to dry at room temperature.
In all cases, permanent preparations were made using Polymount, Inc. mounting medium.
All histological sections were analyzed and photographed under a light field microscope
model Eclipse LV100DA-U (Nikon Co., Tokyo, Japan).

2.2.6. Elemental Analysis

Sargassum samples (S. natans and S. fluitans) and the collected leachate (generated
during the natural decomposition of the collected samples) were digested in triplicate
according to Fernandez et al. [33]: briefly, the digestion of samples was carried out with
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0.5 g of each species in triplicate, which were poured into a 75 mL teflon vial, to which
7.0 mL of 69% HNO3, 1.5 mL of H2O2, 0.5 mL of HF (40–45%) and 2.0 mL of deionized
water were added. For the quantification of the elements present in the samples under
study, an inductively coupled plasma–optical emission spectrometry (ICP-OES) was used
(Perkin Elmer Optima 8000, Waltham, MA, USA). A calibration curve was established for
each analyte in triplicate.

3. Results and Discussion
3.1. Biomass Composition and Characterization

The composition of macroalgae biomass (S. natans and S. fluitans) is summarized in
Table 1. In both species of Sargassum, a high content of aromatic polyphenol complex or
lignin-like materials were present (25.4 and 29.5% respectively). The unusual values of
lignin-like materials reported here were obtained in samples collected in the summer at
the Mexican Caribbean and coincide with the values reported by Ardalan et al. [34] in
brown macroalga Sargassum angustifolium, which were found at rates of 25.8% in summer
and 11.8% in winter. Likewise, Yazdani et al. [35] reported that the brown macroalga
Nizimuddinia zanardini contains 12.3% of lignin-like materials. These variations in the
contents of lignin-like compounds can be the results of different types of abiotic stresses
such as UV radiation and high temperature, which are adverse conditions generated by
climate change [10,12–18].

Table 1. Composition of macroalgal biomass (%) harvested in May 2019. Data shown are the
mean ± SD, n = 3.

Samples Humidity Total
Extractives *

Lignin-Like
Materials * Holocellulose *

S. natans 11.10 ± 0.39 17.21 ± 0.24 29.50 ± 2.35 45.39 ± 0.12
S. fluitans 12.10 ± 0.73 18.07 ± 0.16 25.40 ± 1.30 34.43 ± 0.01

* Composition in dry matter.

In order to carry out the thermogravimetric analysis (TGA) on Sargassum samples,
three stages were selected (Figure 1). The first stage indicated a loss of 12% in mass, in the
range of 50 to 150 ◦C, which is attributed to the loss of water as was reported by Davis
et al. Al et al. [19,36] also found a loss of mass in the range of 8–15% in samples of these
same species collected in the Caribbean Sea. The second stage is comprised between 180
to 360 ◦C with a loss of mass of 35% and is seen in the DTGA curves as two strong peaks
at 250 and 320 ◦C. The overlapping of the peaks indicates the complexity of degradation
reaction in this zone that is attributed to the decomposition of hemicellulose and cellulose,
respectively.
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These results are consistent with what was previously reported by Ali et al. [37]
for Sargassum spp. collected in the Red Sea, where two strong peaks and a shoulder at
276, 336 and 495 ◦C were reported, respectively, and correspond to the degradation of
different biopolymers. These results also concur with the degradation temperature ranges
of different components in some lignocellulosic biomasses [37–39]. Results obtained in the
third stage indicate that at a decomposition zone of 360 to 700 ◦C, lignin compounds begin
degradation [40]; note that differences can be observed in the shape of the curve depending
on the species of Sargassum spp. Samples of S. natans showed a loss of mass of 18%, with a
char residue of 22% at 700 ◦C. Likewise, S. fluitans showed a monotonic loss of mass up
to 640 ◦C, with a char residue of 33% at 700 ◦C. While in this stage, substances with high
molecular weight like polysaccharides, proteins and lignin are degraded, the values of char
residue (22–33%) obtained in this study are in the range of those reported by Fernandez
et al. [33], where the analysis of thermal degradation of lignin showed a remarkable char
residue (37–40%). Similar results were obtained by Escobar et al. [41] for these species of
Sargassum, where the residue obtained at temperatures above 550 ◦C was coke and ash.
Overall, results obtained in this work showed marked differences in the decomposition
zone of lignin between S. natans and S. fluitans.

Figure 2 shows the Sargassum charcoal samples obtained from the TGA analysis under
SEM. In both species, S. natans (Figure 2c) and S. fluitans (Figure 2d) showed cracks (yellow
arrows) that can be attributed to the volumetric expansion of lignine up to four times when
subjected to thermal stress by temperatures greater than 260 ◦C and its subsequent relaxation
when the temperature decreases according to that reported by El Moustaqim et al. [42].
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Similarly, the higher content of lignin-like materials present in S. natans (Figure 2a)
could be responsible for maintaining a greater integrity in the structure due to the persis-
tence of residues of lignin-like materials at high temperatures of TGA analysis in compari-
son with the char surface from S. fluitans, which is more fragmented (Figure 2b).
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3.2. FT-IR Analysis

FTIR spectra of S. natans and S. fluitans show a similar pattern of absorption bands
(Figure 3). The strong absorption band at 3406 cm−1 corresponds to the higher exposure of
hydroxyl groups (-OH) in compounds like cellulose, hemicellulose and lignin [8,43]. The
strong intensity in the bands around 1600 and 1406 cm−1 represents the stretching of C=C
that are associated with lignin and aromatic compounds, as reported by Thompson et al.
and Silva et al. [8,43] for samples of Sargassum spp. and lignocellulosic biomass (sugarcane
bagasse). The bands at 1055 and 897 cm−1 are associated with C-O-C vibrations and are
indicatives of anomeric regions of the xylans of hemicellulose and stretch of B-glycosidic
bonds of cellulose and hemicellulose core structures, as described in [8,43,44]. The weak
peak observed at 833 cm−1 represents the C-H bond out-of-plane in p-hydroxyphenyl unit
in lignin, which coincides with the report of Silva et al. [43] by lignocellulosic biomass.
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Figure 3. FTIR spectra of pelagic Sargassum spp.

The results obtained by FTIR are consistent with the chemical composition values
of the main polymeric compounds (cellulose, hemicellulose, and lignin) that are present
in the two species of macroalgal biomass (Table 1), where the S. natans species shows the
most intense bands (1406, 897 and 833 cm−1), which are associated with the presence of
functional groups present in lignocellulosic material.

3.3. Histological Analysis

The histological analysis revealed the presence of a secondary cell wall and epidermis
(secondary cell-wall layers) in the tissues of the S. natans and S. fluitans. The Safranin O
staining showed a characteristic red coloration of lignified cells (Figure 4a,a’,c,c’), showing
the presence of a secondary cell wall (yellow arrows) in both species (Figure 4a’,c’) [30,31].
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Figure 4. Safranin O stained cross-sections of stem of Sargassum natans (a,a’), and Sargassum fluitans (c,c’). Toluidine
blue-stained cross-sections of stem of Sargassum natans (b,b’), and Sargassum fluitans (d,d’). (a’,b’,c’,d’) represent the area
inside the yellow circle.

Histological staining methods such as the Safranin O staining method observed by
microscopy have been successfully used to visualize differences in lignification between
and within cellular elements [23]. Until now, such developmentally specialized cell walls
have been described in vascular plants and in the intertidal red alga Calliarthron cheilospo-
rioides [13]. In the case of Sargassum, our hypothesis about the presence of the secondary
cell wall is due to the exposition to different stresses, which may change lignin content
and composition as defense responses to the stress e.g., high temperatures, radiation, high
nutrient content, and the presence of metals [13,14].

In order to obtain a general overview of the cell wall Toluidine blue staining, a poly-
chromatic stain was also used, allowing the visualization of several compounds (e.g.,
nucleic acids, polysaccharides, and lignin, which stain bright blue) [45,46]. Lignin is a
complex organic polymer and is important for cell walls but can also be found between
cells and in the cells of all vascular plants [46]. Toluidine blue O of stem cross-sections
revealed the presence of lignin-like materials in the cell wall (Figure 4b,b’,d,d’), and cells of
the epidermis and intercellular spaces (yellow arrow) are lignified since they show a blue
coloration in both species (Figure 4b’,d’) [45,46].

3.4. Elemental Analysis

Both samples from Sargassum spp. (S. natans and S. fluitans) showed the presence
of heavy metals, within different concentrations depending on the species (Table 2). As
shown in Table 2 of the metals tested in this study, on average S. natans showed a higher
concentration of the analyzed metals compared with S. fluitans. This is the case of B
(228.83 mg/Kg) and As (115.66 mg/Kg) in S. natans compared with the same metals B
(204.36 mg/Kg) and As (76.49 mg/Kg) of S. fluitans.
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Table 2. Element content (mg/kg) in Sargassum spp.

Species Al As Ba B Cu Ni Zn Pb Cd

Cell tissue S. natans 61.88 ± 1.70 115.66 ± 2.60 16.70 ± 0.10 228.83 ± 3.97 4.51 ± 0.05 2.50 ± 0.13 80.54 ± 0.53 <LD 0.47 ± 0.02
S. fluitans 33.81 ± 1.41 76.49 ± 1.25 13.73 ± 0.21 204.36 ± 2.47 3.83 ± 0.09 <LD 30.80 ± 0.48 <LD 0.44 ± 0.02

Leachate S. natans and S.
fluitans 0.25 ± 0.02 <LD <LD 3.74 ± 0.17 <LD <LD <LD <LD <LD

Limit of Detection(LD) in mg/L 0.0026 0.0070 0.0016 0.0011 0.0065 0.0027 0.0012 0.0058 0.0003

Composition in dry matter.

This variation is significant among both species of Sargassum and it can be attributed
to the different concentrations of lignin-like materials found during characterization of the
biomass of both species (Table 1), since these types of compounds play an important role in
the bioabsorption process of heavy metals [21]. Only low concentrations of B and Al were
found in consortium Sargassum leachate.

Results observed here were similar to those previously reported by Rodriguez-Martinez
et al. and Thompson et al. [11,47], where the concentration of metals such as As varied
significantly depending on the Sargassum species under study. It is well known that abi-
otic stress and abnormally high concentrations of nutrients, high temperature and heavy
metals can play an important role in phenolic compounds biosynthetic pathways and
accumulation in plants and Sargassum fusiforme [14,17].

4. Conclusions

In summary, this study demonstrates the presence of high contents of lignin-like
polyphenols in the species of S. natans and S. fluitans, where S. natans showed the highest
concentrations of the analyzed elements and in some cases almost doubled the detected
concentration in the other species. Histological results, by Safranin O and toluidine blue
staining revealed the presence of lignified tissue forming a secondary cell wall in both
species, which was consistent with the results obtained in the characterization by FTIR,
where the presence of absorption bands characteristic of functional groups associated
with the lignin molecule was observed. The elemental analysis revealed that at least two
of the analyzed metals (Al and B) are solubilized in the leachates generated during the
decomposition of Sargassum spp., which is a latent risk for the groundwater conditions
(water quality) of the Yucatan peninsula. Additional work will focus on identifying complex
aromatic polyphenols present in Sargassum spp., which will allow the design of more
efficient pretreatment strategies to access the valuable compounds offered by Sargassum spp.
under the concept of biorefinery, which could turn this problem into a source of sustainable
raw material.
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