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Abstract

Sulfated polysaccharides from red algae are multifunctional hydrocolloids whose proper-
ties depend strongly on molecular structure, sulfate content, and chain conformation. In
this study, a sulfated galactan extracted from Gracilaria vermiculophylla collected from
a coastal region of northwestern Mexico was investigated to elucidate its structural
and functional properties. The polysaccharide was extracted by enzymatic treatment
and characterized by monosaccharide analysis, FTIR, 1D/2D NMR spectroscopy, and
size-exclusion chromatography coupled with multi-angle light scattering and viscome-
try. The extracted polysaccharide exhibited high carbohydrate (97%) and sulfate (28%)
contents, with galactose as the predominant monosaccharide. It showed a moderate
molecular weight (Mw = 2.39 x 10° g/mol), a relatively narrow molar mass distribution
(Mw/Mn = 1.23), a high intrinsic viscosity (420.9 mL/g), and an Rg/Rh ratio of 2.2, consis-
tent with an expanded macromolecular conformation in solution. The sulfated polysac-
charide also exhibited measurable antioxidant activity, particularly in the ABTS* assay
(IC50 = 31.8 £ 2.5 mg/mL) compared with the DPPH assay (ICs9 = 51.1 £ 3.0 mg/mL), and
showed Fe®*-responsive association, leading to the formation of microgel-like structures.
These findings indicate that the sulfated galactan characterized in this study is a structurally
complex and functionally active hydrocolloid with potential relevance for functional food
systems and related biomaterial applications.

Keywords: sulfated galactan; red algae; Gracilaria vermiculophylla; hydrocolloids;
antioxidant activity

1. Introduction

Marine macroalgae produce unique polysaccharides with diverse properties used
in food, medical, and materials science [1]. Sulfated polysaccharides from red algae are
notable for their high hydrophilicity, ion responsiveness, and bioactivity, due to sulfate
groups along their backbone [2]. These make red algal polysaccharides valuable as food
hydrocolloids and functional materials. Their backbone is composed of 3-D-galactose
and «-L-galactose units, which can be modified to 3,6-anhydrogalactose and, depending
on species, substituted with sulfate groups [3]. This structural heterogeneity influences
conformation, interactions, gelation, and macroscopic properties such as viscosity, elasticity,
and ion sensitivity [4].
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Recent studies show that sulfated galactans from red seaweed are responsive macro-
molecules, not just thickeners, highlighting their versatility and importance in discovering
new properties and applications. Hentati, et al. [5] found a sulfated xylogalactan from Jania
adhaerens has a flexible coil shape (Mw = 8.0 x 10° g/mol; [n] =76 mL/g) and a critical
concentration (C* ~ 7.5 g /L) that exhibits shear-thinning and viscoelasticity, demonstrating
that its rheology is sensitive to temperature and ions, indicating that they are tunable
biopolymers whose properties depend on more than molecular weight and emphasizing
the need for detailed characterization. Recent advances have demonstrated that sulfated
polysaccharides (SPs) derived from red marine algae are essential functional components
in advanced biomaterial systems. Due to their intrinsic bioactivity and biocompatibility,
these compounds enable the development of tunable hydrogels with specific mechanical
properties, such as stable and biocompatible scaffolds that promoted calcium deposition by
MC3T3-E1 preosteoblasts, highlighting the critical influence of sulfated polysaccharides on
viscoelastic behavior and their potential in bone tissue engineering [6].

Importantly, certain sulfated galactans in red algae have an agar-like architecture,
enabling them to function as both structurally efficient hydrocolloids and physiologically
active macromolecules [7]. This convergence of structure, processability, and functionality
confirms sulfated galactans as multifunctional materials, emphasizing the scientific im-
portance of extracting and comprehensively characterizing new polysaccharide sources
to better understand structure—property—function relationships. This study aimed to de-
termine the macromolecular characteristics and some functional properties of a sulfated
polysaccharide from Gracilaria vermiculophylla collected along the northern Pacific coast of
Mexico; thereby, new knowledge is described about its diversity and potential applications
as a hydrocolloid and functional biopolymer.

2. Materials and Methods
2.1. Materials

Specimens of the red macroalga Gracilaria vermiculophylla were manually collected
in March 2024 from the intertidal zone of Las Bocas, Sonora, Mexico (26°39'05.7" N,
109°24/05.5” W). Taxonomic identification was performed by Dr. Anselmo Miranda-Baeza,
a marine biologist from the Laboratory of Marine Aquatic Cultivation Technologies, Uni-
versidad Estatal de Sonora, based on the external morphological characteristics of the
thalli and comparison with previously identified material from the same region [8-10].
After collection, the samples were rinsed with seawater to remove epiphytes, sand, and
debris, transported to the laboratory under refrigerated conditions, dried, and stored until
polysaccharide extraction. Deuterium oxide (D20, 99.9%) was supplied from Cambridge
Isotope Laboratories (Tewksbury, MA, USA), while protease from Bacillus licheniformis and
other reagents were purchased from Sigma—-Aldrich (St. Louis, MO, USA). Ultrapure water
(18.2 MQ)-cm) was used for all experimental procedures.

2.2. Extraction and Purification of the Sulfated Polysaccharide

The extraction of the sulfated polysaccharide was carried out according to da Silva
Chagas, et al. [11], with minor modifications. Dried algal biomass (5 g) was finely milled
and suspended in 500 mL of 0.1 M sodium acetate buffer (pH 5.0) containing EDTA (5 mM)
and cysteine (5 mM). The suspension was incubated with protease at 60 °C for 6 h under
constant agitation. After enzymatic digestion, the mixture was filtered (1 pm nylon filter
discs, Whatman®, Dassel, Germany) to remove insoluble residues, and the polysaccharide
was precipitated by adding 16 mL of 10% (w/v) cetyltrimethylammonium bromide (CTAB).
The suspension was kept at room temperature for 24 h and subsequently filtered.
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Finally, the precipitate was washed with 0.05% CTAB dissolved in a 2 M NaCl/ethanol
solution (100:15, v/v). The recovered material was dialyzed against distilled water using
dialysis tubing with a molecular weight cut-off of 12-14 kDa for 72 h with frequent water
changes to remove salts and low-molecular-weight impurities. The dialyzed polysaccharide
solution was then reprecipitated by adding absolute ethanol at a solution-to-ethanol ratio
of 1:3 (v/v). The precipitate was recovered by centrifugation and sequentially washed with
80% ethanol, absolute ethanol, and acetone. The final product was dried under a hot-air
flow at 60 °C and subsequently lyophilized for further characterization.

2.3. Chemical Composition Analysis

Total carbohydrate content was determined by the phenol-sulfuric acid method, using
galactose as the calibration standard [12]. Ash content was measured by incineration of the
dried polysaccharide at 550 °C until constant weight. Sulfate content was quantified by the
barium chloride—gelatin turbidimetric method after acid hydrolysis, using sodium sulfate
as the standard [13]. Extraction yield (%) was calculated based on the dry weight of the
initial algal biomass.

2.4. Monosaccharide Composition

The monosaccharide content of the polysaccharides was measured using gas chro-
matography (GC) on an Agilent HP 6890 GC system (Agilent Technologies, Santa Clara, CA,
USA), as described by Rouau and Surget [14]. Polysaccharide samples were hydrolyzed
with 3 N Hp50y at 100 °C. The solution was prepared by diluting concentrated sulfuric acid
with inositol used as an internal reference. Monosaccharide analysis quantified neutral sug-
ars after acid hydrolysis and conversion to alditol acetates. Sulfated residues and modified
sugar units are not fully recovered under these analytical conditions. External calibration
was done using glucose, mannose, galactose, xylose, and rhamnose standards (1 mg/mL).
Following hydrolysis, monosaccharides were reduced to their corresponding alditols using
sodium borohydride and then acetylated with acetic anhydride in the presence of methyl
imidazole. The alditol acetates were extracted with chloroform and injected (5 pL) into a
DB-225 capillary column (50% cyanopropylphenyl-dimethylpolysiloxane; 30 m x 0.32 mm
i.d., 0.15 um film thickness).

Gas chromatography was performed at 220 °C for the injector with a 1:10 split ratio,
260 °C for the detector, and 205 °C for the oven, with a heating rate of 10 °C/min. Nitrogen
was used as the carrier gas, with a constant flow rate of 1.0 mL/min. Flame ionization
detectors (FIDs) were employed for detection.

2.5. FTIR Spectroscopy

Fourier-transform infrared (FTIR) spectra of the lyophilized polysaccharide were
recorded using an FTIR spectrometer (Is50 Nicolet Thermo Fisher Scientific, Madison, WI,
USA) equipped with an ATR accessory. Spectra were collected over 4000600 cm~! with a
resolution of 4 cm~! and averaged over 32 scans. Spectral assignments were made based
on characteristic absorption bands reported for sulfated galactans from red macroalgae.

2.6. Nuclear Magnetic Resonance (NMR) Spectroscopy

The structural features of the sulfated polysaccharide were investigated by 'H and
two-dimensional (2D) NMR spectroscopy using a 400 MHz Bruker spectrometer (Bruker
BioSpin, Billerica, MA, USA). The sample was dissolved in D,O (approximately 10 mg/mL)
and analyzed at 60 °C to improve spectral resolution.

Two-dimensional experiments, including COSY, HSQC, and HMBC, were performed
to obtain proton—proton and proton—carbon correlations. COSY was used to identify scalar
couplings within the sugar ring, while HSQC and HMBC provided direct and long-range
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'H-13C correlations, respectively. Spectra were processed and analyzed using MestReNova
14.0.0 software (Mestrelab Research, Santiago de Compostela, Spain), and signal assign-
ments were made by comparison with literature data on sulfated galactans from red
algae. Due to signal overlap and the structural complexity of sulfated polysaccharides, the
assignments should be considered tentative.

2.7. Molecular Weight and Intrinsic Viscosity (SEC-MALS)

Size-exclusion chromatography coupled with multi-angle laser light scattering, vis-
cometry, and refractive index detection (SEC-MALS-VIS-RI) was used to measure the
weight-average molar mass (Mw), number-average molar mass (Mn), polydispersity in-
dex (I = Mw/Mn), intrinsic viscosity ([n]), radius of gyration (Rg), and hydrodynamic
radius (Rh). A DAWN HELEOS-II 8 multi-angle laser light scattering detector, an Optilab
T-rEX refractive index detector and a ViscoStar-II viscometer (Wyatt Technology Corp.,
Santa Barbara, CA, USA) were used for the analyses following previous conditions from
our group [15]. SEC-MALS analyses were performed using 50 mM NaNOj; containing
0.02% NaN3 as the mobile phase (pH ~ 7.0) at 0.5 mL/min. Polysaccharide samples were
dissolved at 5 mg/mL at 80 °C for 1 h to ensure complete solubilization, centrifuged
(24,144 x g, 20 °C, 10 min), and filtered through 0.45 um membranes prior to injection. Us-
ing two Shodex OH-pak columns (SBH-Q-804 and SBH-Q-805, Shodex Showa Denko K.K,,
Tokyo, Japan), chromatographic separation was performed at a flow rate of 0.5 mL/min
using an Agilent HPLC system (G1310B Iso-Pump, G1329B autosampler, G1314F Variable
Wavelength Detector; Agilent Technologies, Santa Clara, CA, USA). A refractive index
increment (dn/dc) value of 0.146 mL/g, typical for neutral and sulfated polysaccharides in
aqueous salt solutions, was used for molar mass determination [16].

2.8. Rheological Measurements

Rheological measurements were carried out using a strain-controlled rheometer (Dis-
covery HR-2, TA Instruments, New Castle, DE, USA) equipped with a 40 mm parallel-plate
geometry and a gap of 0.5 mm following reported conditions with some modifications [17].
The sulfated polysaccharide was analyzed at 3% (w/v). Strain-sweep tests were performed
at 25 °C over an oscillatory strain range of 1-25% at a constant frequency of 1 Hz to de-
termine the linear viscoelastic region (LVR). The LVR was defined as the strain range in
which G’ remained nearly independent of deformation. Frequency sweep tests were then
performed at 25 °C and 2% strain over a frequency range of 0.01-10 Hz. All measurements
were performed at least in duplicate, and representative curves are shown.

2.9. Antioxidant Activity of Sulfated Polysaccharides
2.9.1. DPPH Radical Scavenging Activity Assay

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging activity of the sulfated
polysaccharide was determined according to Bernal-Mercado, et al. [18] with minor mod-
ifications. A 0.1 mM DPPH solution was prepared in ethanol and the absorbance of the
DPPH?* solution was adjusted to 0.70 measured at 515 nm by proper dilution. A stock
solution of the polysaccharide (20 mg/mL) was used. The sample solution was mixed with
the DPPH solution at a 1:1 (v/v) ratio and incubated in the dark at room temperature for
30 min. Absorbance was measured at 517 nm using a GENESYS™ 10UV spectrophotometer
(Thermo Scientific, Waltham, MA, USA). All measurements were performed in triplicate.
DPPH radical scavenging activity was calculated using the following equation:

(Asample,517 - Ablank,517)
x 100

DPPH scavenging activity (%) = |1 —
Acontrol,517
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where Agample517 is the absorbance of the sample, Apjank 517 is the absorbance of the blank,
and Aontrol 517 is the absorbance of the control. A calibration curve was constructed using
Trolox (11.9-599 uM), and the antioxidant activity of the samples was expressed as pmol
Trolox equivalents per gram (umol TE/g).

2.9.2. ABTS" Radical Scavenging Activity Assay

The antioxidant activity of the sulfated polysaccharides was evaluated using the
ABTS" (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) radical scavenging assay,
following the method described by Martinez-Lopez, et al. [19]. The radical cation was
generated by reacting ABTS with potassium persulfate and was adjusted to an absorbance
of 0.70 & 0.02 at 734 nm using a UV /Vis spectrophotometer (GENESYS™ 10UV, Thermo
Scientific, Madison, WI, USA). After combining the polysaccharide sample (20 mg/mL)
or Trolox with the ABTS" reagent, measurements were taken at 30 min time point as
reported for polysaccharides previously [20,21]. Trolox (11.9-599 uM) was used to construct
the calibration curve under identical experimental conditions. All measurements were
performed in triplicate, and the results were expressed in Trolox equivalent.

2.9.3. ICs5p Determination for Antioxidant Assays

For ICs5y determination, dose-response curves were constructed for both ABTS* and
DPPHe radical scavenging assays using serial dilutions of the sulfated polysaccharide [22].
The polysaccharide was evaluated over a concentration range of 0.39-100 mg/mL. The
ABTS" and DPPHe radical solutions were prepared as described in Sections 2.9.1 and 2.9.2,
respectively.

For each assay, the percentage of radical inhibition was calculated according to the
following equation:

Acontrol — Asample

% inhibition = x 100

Acontrol
where A y,r01 is the absorbance of the radical solution without polysaccharide and Agype
is the absorbance of the reaction mixture containing the polysaccharide. All measurements
were performed in 7 = 6 replicates.

Dose-response curves were generated by plotting percentage inhibition against
polysaccharide concentration. ICsy values were estimated by linear interpolation between
the two concentrations immediately below and above 50% inhibition and expressed as
mg/mL. Statistical analysis was performed using SPSS software (version 27, IBM Corp.,
Armonk, NY, USA). Differences among concentrations were evaluated by one-way analysis
of variance (ANOVA), followed by Tukey—Kramer post hoc test. Statistical significance was
considered at p < 0.05.

2.10. Fe3*-Induced Complexation and Microgel Formation

The interaction between the sulfated polysaccharide and Fe** ions was evaluated
by mixing aqueous polysaccharide solutions (2% w/v) with FeCls solutions (0.4% w/v)
under gentle stirring, following a previous report from our group [23] with some mod-
ifications. Macroscopic changes were visually monitored, and microgel formation was
examined by optical microscopy. Microgel-like structure dimensions were estimated from
three calibrated optical micrographs using Image]J software (version 2.9.0, National Insti-
tutes of Health, USA). Approximately 20 individual structures were measured per micro-
graph, resulting in approximately 60 measurements in total. Particle size was expressed
as the equivalent circular diameter calculated from the projected area. The measurements
were used to provide a descriptive estimate of the apparent size distribution of the Fe>*-
induced structures.
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3. Results
3.1. Chemical Composition and Extraction Yield

The chemical composition and extraction yield of the sulfated polysaccharide ex-
tracted from macroalgae of the species G. vermiculophylla are presented in Table 1. The
extracted polysaccharide exhibited a very high total carbohydrate content (97.37 = 0.07%),
indicating that the recovered fraction is almost entirely composed of polysaccharide chains.
Recent studies on sulfated polysaccharides from Gracilaria species report total carbohydrate
contents typically ranging from 60% to 90%, depending on species, geographical origin,
and purification strategy [24-26]. The exceptionally high carbohydrate content observed in
the present study, therefore, suggests efficient removal of non-carbohydrate components,
such as proteins, pigments, and low-molecular-weight compounds.

Table 1. Chemical composition and extraction yield of the sulfated polysaccharide.

Composition Content (%)
Ash 1.4 +0.04
Total carbohydrates 97.37 £ 0.07
Sulfate content 28.15 £ 5.30
Yield 27.89 £3.70

Xtsdn=4

The sulfated polysaccharide extraction yield was 27.8 + 3.7% (dry biomass basis),
lying within the upper range of Gracilaria species. When aqueous or mild chemical ex-
traction processes are used, a previous study reported yields ranging from roughly 10 to
40%, reflecting the inherent heterogeneity of algal composition and processing techniques.
When extraction conditions are set to balance polysaccharide recovery with preservation
of sulfate groups and polymer integrity, the yield obtained in this study is comparable to
those reported for structurally conserved sulfated polysaccharides. These findings demon-
strate that the used extraction procedure enables efficient polysaccharide separation from
Gracilaria biomass without the need for harsh conditions [27].

All compositional analyses were performed in quadruplicate (n = 4), and the low
standard deviations obtained for total carbohydrate and ash contents indicate good ana-
lytical reproducibility. The relatively larger variation observed for sulfate content is likely
associated with the heterogeneous distribution of sulfate ester groups within the polysac-
charide population, a characteristic commonly reported for sulfated galactans from red
macroalgae [28,29].

The ash content of the sulfated polysaccharide was 1.4 & 0.04%, which is considered
low for polysaccharides derived from marine macroalgae. Recent reports indicate that ash
content of Gracilaria-derived polysaccharides commonly ranges from 3% to 10%, reflecting
their strong association with inorganic salts in seawater [30,31]. Lower ash contents, similar
to those observed in the present study, have only been reported when effective desalting and
purification protocols were applied [32]. From a physicochemical perspective, minimizing
ash content is essential, as residual inorganic ions may screen electrostatic interactions and
significantly affect rheological behavior and gelation properties [33].

The sulfate content, expressed as sulfate ions (SO427), was determined to be
28.15 £ 5.3%, indicating that the extracted polysaccharide is highly sulfated. It should
be emphasized that total carbohydrate and sulfate contents were determined using inde-
pendent analytical methods. Therefore, these values are not additive, as sulfate groups
constitute substituents attached to the carbohydrate backbone rather than an independent
polysaccharide fraction. Recent studies on Gracilaria polysaccharides generally report
sulfate contents of 5-15% [34], although higher values have been observed, depending
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on species, environmental stress, and extraction conditions [35]. The elevated sulfate
content observed here suggests a high density of negatively charged groups along the
polymer backbone, which is known to promote extended chain conformations, enhance
intermolecular repulsion, and favor strong interactions with multivalent cations [2]. Both
the degree of sulfation and the location of sulfate along the galactan backbone significantly
influence the physicochemical behavior of sulfated polysaccharides from red macroalgae.
Gelation behavior and ion responsiveness are strongly impacted by the high density of
negative charges introduced by sulfate esters, which alter chain conformation, hydration,
and intermolecular interactions [7,24].

Sulfate signals are located in specific local environments that play a part specifically in
ion-mediated interactions that promote and facilitate conformational modifications during
gelation, according to recent spectroscopic studies [36]. While other sulfation patterns can
inhibit chain aggregation and decrease gel stiffness, sulfation at sites like C-6 of galactose
has been associated with improved polyelectrolyte behavior and greater sensitivity to
multivalent cations [37]. The positional distribution of sulfate groups throughout the
polysaccharide backbone is crucial in determining the physicochemical characteristics
of sulfated polysaccharides, rather than just the total sulfate content. The addition of
sulfate groups at key galactose unit locations (C2, C4, and especially C6) causes noticeable
changes in chain structure, molecular weight, and intermolecular interactions, as shown
for sulfated arabinogalactans [38]. The relatively higher standard deviation observed for
sulfate content (n = 4) may be attributed to the intrinsic heterogeneity of sulfated galactans,
which often exhibit non-uniform sulfate distribution along the polymer backbone. Despite
this variability, the results consistently indicate a highly sulfated polysaccharide.

Overall, the chemical composition data suggest that the extracted material is a highly
purified, strongly sulfated polysaccharide produced at a relatively high yield. These
results align with previously reported optimized extraction methods for Gracilaria species.
The high sulfate content, low inorganic residue, and high carbohydrate purity indicate
a polymer system primarily governed by electrostatic interactions and intermolecular
associations. These features provide a reliable structural foundation for the rheological
properties, physical gel formation, and ion-mediated complexation detailed in later sections.

3.2. Monosaccharide Composition in Sulfated Polysaccharide

The monosaccharide composition of the sulfated polysaccharide extracted from G.
vermiculophylla, determined by GC-FID after acid hydrolysis, was dominated by galactose
(52.03 £ 0.74%), with the presence of arabinose, xylose, mannose, glucose, rhamnose,
and fucose as minor components (Table 2). This compositional profile is consistent with
sulfated galactans from red macroalgae, which exhibit variable degrees of monosaccharide
heterogeneity across species, environmental conditions, and extraction methods [39].

Table 2. Neutral monosaccharide composition of the sulfated polysaccharide determined by GC.

Monosaccharide Content (%)
Xylose 2.82 £0.46
Fucose 0.95 £+ 0.34

Rhamnose 0.54 +0.19
Arabinose 8.69 + 2.66
Mannose 2.08 +1.28
Galactose 52.03 +0.74
Glucose 1.07 + 0.61
X+ts.d,n=4.
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The structure and characteristics of this sulfated polysaccharide are influenced by
the prevalence of galactose among the monosaccharides. Instead of rigid, highly ordered
structures, these galactose-rich designs promote flexible chain conformations and limit
excessive crystalline packing, thereby facilitating the formation of physically crosslinked
networks. This galactan structure effectively balances chain organization and electrostatic
repulsion upon sulfation, improving network connectivity and responsiveness to ionic envi-
ronments [28,40]. Consequently, the high galactose content observed in the present sulfated
polysaccharide can be regarded as a key structural factor governing its hydration behavior,
gel-forming ability, and overall functional performance as a marine polysaccharide. It
should be noted that the monosaccharide composition determined by GC-FID represents
only the neutral monosaccharides recovered after acid hydrolysis and derivatization. Sul-
fated sugar residues, 3,6-anhydrogalactose, and partially degraded monosaccharides are
not quantitatively recovered under these analytical conditions. Consequently, the summed
molar percentages should not be interpreted as representing the total carbohydrate content
of the polysaccharide.

A similar galactose-dominated profile was reported for water-extracted sulfated galac-
tans from Gracilariopsis hommersandii, where galactose accounted for more than 40-50% of
the total monosaccharides, accompanied by variable amounts of 3,6-anhydrogalactose and
minor sugars depending on extraction conditions and fractionation strategy [29]. In such
systems, galactose-rich backbones provide the structural framework necessary for chain
stiffness and extended conformations. At the same time, the presence or absence of cyclized
3,6-anhydrogalactose units and sulfate esters modulates interchain association and gelation
behavior. Although the combined compositional analyses strongly support the identifica-
tion of a highly sulfated galactan, complementary analyses such as ion chromatography or
quantitative NMR could provide an independent assessment of sulfate substitution and
monosaccharide composition in future studies.

3.3. FTIR of the Sulfated Polysaccharide

The FTIR spectrum of the lyophilized sulfated polysaccharide extracted from G. ver-
miculophylla (Figure 1) shows absorption bands characteristic of sulfated galactans from
red macroalgae, allowing the identification of functional groups and providing structural
insight into sulfate substitution and backbone features [41,42].
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Figure 1. FTIR spectrum of the sulfated polysaccharide extracted from G. vermiculophylla.
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A broad absorption band centered at 3500-3400 cm ! is attributed to O-H stretching
vibrations arising from hydroxyl groups along the polysaccharide backbone and extensive
intermolecular hydrogen bonding [43]. This feature is typical of galactan-based polysaccha-
rides and reflects their highly hydrophilic and hydrated nature, as consistently reported for
sulfated galactans and agar-derived polymers extracted from red algae [44]. The absorption
band observed near 2930-2920 cm ™! corresponds to C-H stretching vibrations of aliphatic
—-CH and —CHj, groups associated with the sugar ring structure (Table 3).

Table 3. FTIR band assignments of the purified sulfated polysaccharide extracted from G. vermiculophylla.

Wavenumber (cm—1) Assignment References
3400-3500 O-H stretching vibrations [42]
2920-2930 C-H stretching vibrations [42]
1220-1250 S=0 asymmetric stretching [15,24]
1150-1000 C-0O-C/C-O stretching [45]
C-O-C vibration of

930-940 3,6-anhydrogalactose [4042]
815-830 C-0O-S vibration [46]

The asymmetric stretching vibration of sulfate ester groups (S=0) is characterized
by a strong, well-defined band between 1220 and 1250 cm ™!, supporting the sulfated
nature of the polysaccharide. Sulfated galactans from red macroalgae exhibit sulfate
ester vibrations in this region, and the intensity of these vibrations has been qualitatively
associated with sulfate density [47]. The C-O-C and C-O stretching vibrations linked to
glycosidic connections and pyranose ring structures, which make up the fingerprint region
of polysaccharides, dominate the spectral region between 1000 and 1150 cm ™. These bands
support earlier FTIR research on red algal phycocolloids by confirming a glycosidically
connected galactan backbone [15,16].

A distinct absorption band detected at 940-930 cm ™! is commonly attributed to
vibrations associated with 3,6-anhydrogalactose units, a structural motif frequently reported
in red algal galactans [48]. This band has been widely used as a diagnostic marker for
galactans containing anhydrogalactose residues. It is typically absent in A-carrageenans,
which lack cyclized 3,6-anhydrogalactose units and lack gel-forming ability. Therefore,
the presence of the 930-940 cm~! band supports the non-A carrageenan of the extracted
sulfated galactan and is consistent with the observed physicochemical behavior [41,49].

An absorption band centered in the 830-815 cm ™! region was clearly observed. Ac-
cording to established FTIR assignments, this band is generally associated with C-O-S
vibrations commonly associated with sulfate substitution involving C-6-related environ-
ments of galactose units (galactose-6-sulfate, G6S). Notably, a similar FTIR signature,
combining bands near 920-930 cm~! and 820 cm ™!, has been reported for funoran, a
sulfated galactan from Gloiopeltis furcata, where these bands were explicitly correlated with
C-6 sulfation and the presence of 3,6-anhydrogalactose units [46,50].

3.4. Nuclear Magnetic Resonance (NMR) Spectroscopy

The structural features of the sulfated polysaccharide extracted from G. vermiculophylla
were further investigated by 'H NMR spectroscopy in D,O at 60 °C. The spectrum exhibited
a broad, partially overlapping set of signals in the  5.5-3.8 ppm region, characteristic of
sulfated galactans from red algae (Figure 2). Notable signals were observed at & 5.50,
5.30, 5.10, 5.15, 4.6, and 4.8, and a dense region near 4.4-4.5 ppm, indicative of multiple
overlapping proton environments within repeating disaccharide units.
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Figure 2. "H NMR spectrum of the extracted polysaccharide. Signals corresponding to o-L-type

anomeric protons (H1), ring protons (H2-H4), and H5-H6 correlations of galactose residues are
indicated. Gal: galactopyranosyl residues.

Signals corresponding to both «- and (3-galactopyranosyl residues were observed in
the anomeric proton region (6 5.4-4.7 ppm). A signal at 6 ~5.4 ppm can be tentatively
assigned to x-anomeric protons associated with o-L-galactose derivatives, including 3,6-
anhydro-a-L-galactose, a characteristic structural motif of sulfated agarans and related
galactans from red algae [28]. Similar chemical shifts have been reported for sulfated
agarans extracted from Vertebrata lanosa, where «-L-3,6-anhydrogalactose is a major
structural component [48].

Additionally, anomeric signals may be attributed to 3-D-galactose-type residues in the
b 4.47 ppm region, consistent with 3-(1—3)-linked galactose units forming the backbone
of galactan-type polysaccharides. One-dimensional and 2D NMR studies have revealed
similar anomeric patterns in sulfated galactans from red algae and marine microalgae,
including polysaccharides of the funoran and porphyran types [48,51]. The ring protons (H-
2 to H-6) of galactopyranosyl units are located between 6 = 4.6 and 3.8 ppm. The extensive
signal overlap observed in this region is typical of sulfated polysaccharides, where sulfate
ester substitution induces downfield shifts and peak broadening due to strong electronic
effects and conformational constraints [52].

Resonances around & 4.04—4.02 ppm may correspond to Hé-related environments
influenced by sulfate substitution, glycosidic linkage, or local conformational effects, in
agreement with reports of possible C6-related sulfation or sulfate-associated modification
in agarans and hybrid funoran/porphyran structures [28]. Overall, the 'H NMR data are
consistent with the fact that the extracted polysaccharide is a sulfated galactan mainly com-
posed of galactose units with «- and 3-configurations, 3,6-anhydrogalactose residues, and
heterogeneous sulfate-associated environments, possibly involving Cé-related positions.
These structural characteristics support the structural assignments obtained from FTIR
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analysis and are in close agreement with recent research on sulfated agarans and hybrid
funoran/porphyran polysaccharides from red algae.

The ring protons H2 through H6 of a galactopyranose unit are represented as a cluster
of cross-peaks in the 4.3-3.4 ppm proton chemical shift area of the sulfated polysaccharide’s
2D COSY spectrum (Figure 3). These cross-peaks are consistent with an intact galactopy-
ranosyl residue and show a continuous network of scalar couplings typical of a galactose
spin system. Specifically, the observed successive H2-H3, H3-H4, H4-H5, and H5-H6
cross-correlations are consistent with the expected vicinal coupling topology enclosing
the sugar ring [53]. This contiguous spin system is consistent with the connectivity of
galactopyranosyl residues within the polysaccharide backbone [50].

n
N
[\

;"\\} / \\/ \

f\.\ M’u '
W AW WA AN

T
w
o

(#)8

Ring proton correlations

24 k4.4
(£ H2-+3 [ H3+H4

f1 (ppm)

©) H1H2 5.4

T T T T T T T T T T T T T T T T T T 1

T T
54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33

f2 (ppm)

Figure 3. Two-dimensional COSY (*H-'H) NMR spectrum of the sulfated polysaccharide recorded
in DZO.

The COSY spectrum revealed cross-peaks in the 6 3.8-3.5 ppm region, corresponding
to H6 protons of galactose residues and their coupling with H5, supporting the presence
of H2-H6 connectivity patterns consistent with galactan residues. The chemical shifts
observed for H6 are consistent with reported values for red algal sulfated galactans, where
H6 protons typically appear in the 6 3.5-4.0 ppm range depending on substitution and
local structure [54]. The slight downfield displacement of these signals suggests a modified
electronic environment at C6, which has been associated with structural variation such as
substitution or conformational effects in agarans and related polysaccharides [11,46,55].

The HSQC spectrum (Figure 4) provided complementary structural information
through 'H-13C correlations. A prominent anomeric cross-peak at $H/5C 5.40/99.0 ppm
was tentatively assigned to o-L-galactose-derived environments, which may include possi-
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ble 3,6-anhydro-a-L-Galp-type units. Additional correlations in the H 4.45-4.30 ppm/6C
67-70 ppm region were tentatively associated with ring carbons (C2-C5), in agreement
with previously reported sulfated galactans exhibiting structural heterogeneity [54]. In the
C6 region, two distinct environments were observed. A signal at approximately 60.5 ppm
was tentatively assigned to a C6 environment of 3-D-galactose-type residues, consistent
with a non-substituted primary alcohol. In contrast, a second signal at approximately
69.5 ppm indicated a more deshielded Cé6-related environment, which may arise from an
L-type residue, sulfate substitution, glycosidic linkage, or other local structural effects.
Therefore, this signal was interpreted as a modified C6-related environment rather than as
definitive evidence of C6 sulfation. This shift is consistent with reported values for agarans,
where [3-D-galactose C6 typically appears around 60-62 ppm, while L-type or modified
residues shift toward ~68-70 ppm [56,57].
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Figure 4. Two-dimensional HSQC (*H-'3C) spectrum of the sulfated polysaccharide recorded in D,O
at 60 °C.

The downfield shift of this signal relative to the 3-D-galactose C6 correlation observed
at 8H/6C ~4.00/60.5 ppm indicates a distinct electronic environment, as evidenced by
the additional cross-peak at 8H/6C ~3.88/69.5 ppm in the HSQC spectrum (Figure 4),
consistent with reported values for L-type or structurally modified galactose residues
(~69-72 ppm) [58]. This differentiation between two C6 environments is consistent with an
agaran-type backbone composed of alternating 3-D-galactose and «-L-galactose-derived
residues. Similar HSQC patterns, including distinct C6 signals and overlapping ring
regions, have been described for sulfated galactans from red algae, reflecting their structural
heterogeneity [29].
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A previous study from Liu, et al. [56] describes the characterization of sulfated agarose-
derived oligosaccharides from Gracilaria lemaneiformis, in which agaran-type galactans were
fully elucidated using IH, 13C, and heteronuclear 2D NMR experiments, including HSQC
and HMBC [54]. In that study, detailed residue-level assignments suggest alternating (3-D-
galactose and «-L-galactose units, including 3,6-anhydro-«-L-galactose, and showed that
Cé-sulfated residues exhibited downfield-shifted H6 signals together with well-defined H5-
H6 correlations in COSY spectra. Similarly, Sanchez, et al. [59] reported sulfated galactans
displaying anomeric signals in the & 5.4-4.5 ppm range, along with COSY cross-peaks
confirming intact H2-H6 spin systems and H6 chemical shifts influenced by substitution.

In comparison, the present polysaccharide exhibits a similar anomeric distribution
(6 5.5-4.7 ppm), H2-H6 connectivity patterns in COSY, H5-H6 cross-peaks in the
§ 3.8-3.5 ppm region, and a characteristic FTIR band at 820-830 cm~!. These features
suggest a comparable structural organization consistent with an agaran-type backbone.
The HMBC spectrum displayed a correlation at 6 5.45/81.2 ppm, corresponding to a long-
range interaction between an anomeric proton and a ring carbon (Figure 5). This correlation
is consistent with inter-residue connectivity typically observed in agar-type polysaccha-
rides, supporting possible inter-residue connectivity between galactose-derived units.
This finding is consistent with the linkage-related environments within an agaran-type
backbone, a fundamental building block of agarose-type polysaccharides previously re-
ported [29,58]. An additional long-range correlation was observed at approximately 6H/5C
3.30/68.5 ppm and was tentatively assigned to an H6—C5 correlation within an L-galactose-
derived environment. The downfield carbon shift indicates a modified local electronic
environment that may be associated with sulfate substitution, glycosidic linkage, or con-
formational effects. However, because of substantial signal overlap and the absence of an
unambiguous residue-specific assignment, this correlation cannot be considered definitive
evidence of C6 sulfation. Similar downfield-shifted environments have been reported for
sulfated galactans [29,56].

To provide a structural context for the spectral data obtained, the main diagnostic 'H
and 13C chemical shift correlations derived from COSY, HSQC, and HMBC experiments are
summarized in Table 4. Given the signal overlap characteristic of sulfated polysaccharides,
particularly in the ring-proton region (8H 3.8—4.7 ppm), a complete residue-level assign-
ment was not possible. Therefore, the correlations listed should be regarded as tentative
diagnostic assignments rather than a complete residue-by-residue structural elucidation.

Table 4. Tentative diagnostic NMR assignments supporting the proposed partial sulfated agaran-type

motif.
Residue/Structural Environment Proton/Correlation SH (ppm) 5C (ppm)
a-L-Galp-derived /possible
3,6-AnGal-type environment H1/C1 ~540-545 ~99-100
a-L-Galp-derived ring region H-2/H-3 ~4.45-4.65 ~65-70
a-L-Galp-derived ring region H-3/H-4 ~4.40-4.50 —
(3-D-Galp-type environment H-1/C-1 ~4.47 ~102
Galactopyranosyl ring region H-2 to H-5/C-2 to C-5 ~3.80-4.70 ~67-80
Galactose C6-type environment H-6/C-6 ~4.00 ~60.5
Modified Cé6-related environment H-6/C-6 ~3.88 ~69.5
Linkage-related environment H-1-C-3 ~5.45 ~81.2
Cé6-related long-range correlation H-6—C-5 ~3.30 ~68.5

Abbreviations: Galp, galactopyranosyl residue; 3,6-AnGal, 3,6-anhydrogalactose residue; o-L and 3-D indicate
the anomeric configuration and absolute configuration of the sugar residues.
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Figure 5. Two-dimensional HMBC (!H-'3C) spectrum of the sulfated polysaccharide showing long-
range proton—carbon correlations supporting inter-residue connectivity. Spectrum recorded in D,O
at 60 °C.

The NMR data support the presence of 3-D-Galp-type and «-L-galactose-derived
environments within a sulfated galactan. The o-L-derived residues may include o-L-Galp,
a-L-Galp-6S, and possible 3,6-anhydro-a-L-Galp-type units. The possible presence of
3,6-anhydrogalactose-type residues was interpreted from the combined NMR pattern and
the FTIR band around 930-931 cm~!. Likewise, the distinct Cé-related environments
observed by HSQC, together with FTIR bands associated with sulfate ester groups, suggest
modified galactose environments possibly associated with C6 substitution or sulfate-related
modification. Taken together, the NMR and FTIR data support the presence of a sulfated
agaran-type galactan with heterogeneous galactose-derived environments. Nevertheless,
the exact sulfate position, residue distribution, and inter-residue connectivity could not be
established unambiguously from the available data. In particular, C6 sulfation should be
considered a tentative structural possibility rather than a confirmed assignment.

3.5. Molecular Weight and Chain Conformation

Sulfated galactans extracted from red macroalgae are commonly reported to exhibit
Mw in the range of 10°~10° g/mol, depending on species, extraction conditions, and purifi-
cation strategy. The macromolecular parameters of the sulfated polysaccharide obtained in
this work, determined by SEC-MALS, are summarized in Table 5. For comparison, an SP
from calcareous red seaweed characterized by SEC-MALS was reported to exhibit a Mw
of 8.0 x 10° g/mol and a Mn of 1.0 x 10° g/mol, together with a relatively low intrinsic
viscosity ([n] = 76 mL/g) and a Rh of 16.8 nm. In contrast, the sulfated polysaccharide
analyzed in the present study displays a lower Mw (2.39 x 10° g/mol) but a markedly
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higher [n] (420.9 mL/g), indicating a substantially more expanded hydrodynamic con-
formation. This comparison suggests that differences in backbone composition, sulfation
pattern, and chain architecture strongly influence the hydrodynamic behavior of marine
sulfated polysaccharides, even when analyzed by the same absolute SEC-MALS methodol-
ogy. These expanded-chain characteristics are expected to affect chain overlap and network
formation under concentrated conditions.

Table 5. Molecular characteristics of the purified sulfated polysaccharide from G. vermiculophylla
determined by SEC-MALS.

Characteristic Value
Number-average molar mass (Mn) 1.95 x 10° g/mol
Weight-average molar mass (Mw) 2.39 x 10° g/mol
Polydispersity index (Mw/Mn) 1.23
Hydrodynamic radius (Rh) 23.1nm

Radius of gyration (Rg) 51.3 nm

Rg/Rh ratio 2.2

Intrinsic viscosity ([n]) 4209 mL/g

These molecular parameters also help explain the weak gel-like behavior observed
at 3% w/v. The critical overlap concentration was estimated as C* ~ 2.4 g/L, while the
intrinsic viscosity was [n] = 420.9 mL/g, equivalent to 0.42 L/g. Since the concentration
used for gel formation was 3% w/v, corresponding to approximately 30 g/L, the system
was about 12.5 times more concentrated than C*. Similarly, the dimensionless coil-overlap
parameter c[n] was approximately 12.6. In polymer solutions, concentrations above C*
indicate the transition from isolated polymer chains to a semidilute or concentrated regime,
where chain overlap, physical entanglements, and intermolecular associations become
increasingly relevant [60]. Therefore, the high ¢/C* and c[n] values support the formation of
a physically associated polysaccharide network, consistent with the weak gel-like behavior
observed in the dynamic rheological measurements.

The frequency dependence of tan 6 further supported this interpretation. Across the
evaluated frequency range, tan 5 remained below unity, indicating that the elastic response
predominated over the viscous response. However, the frequency-dependent variation in
tan 6 and the non-negligible viscous contribution suggest a weak physical gel rather than a
strong, permanently crosslinked network [61,62].

The SEC-MALS results also provided conformational parameters that help clarify the
hydrodynamic behavior of the polysaccharide. The hydrodynamic radius (Rh = 23.1 nm) and
radius of gyration (Rg = 51.3 nm) yielded an Rg/Rh ratio of approximately 2.2. The Rg/Rh ra-
tio is commonly used as a conformational descriptor of macromolecules in solution; therefore,
the high value obtained here supports an expanded chain conformation rather than a compact
globular structure [63]. In sulfated polysaccharides from red algae, SEC-MALS-derived hydro-
dynamic parameters have been used to distinguish flexible coil-like conformations from more
expanded structures [5,26]. Together with the high intrinsic viscosity ([n] = 420.9 mL/g), these
results indicate that the sulfated galactan occupies a large hydrodynamic volume, consistent
with an expanded, solvated macromolecular structure.

For instance, Khan, et al. [64] reported a weight-average molecular weight (Mw) of
6.15 x 10° g/mol for Gracilaria blodgettii polysaccharides. A number-average molecular
weight (Mn) of 4.1 x 10° g/mol, together with a polydispersity index (Mw/Mn) of 1.48,
indicates a moderately narrow molecular weight distribution. In comparison, the polysac-
charide studied in this work has a slightly lower Mw (2.39 x 10° g/mol) but a notably
narrower dispersity (Mw/Mn ~ 1.23), suggesting a higher degree of molecular homogene-
ity. These comparisons indicate that sulfated galactans can display different degrees of
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chain expansion depending on their molecular architecture, sulfate distribution, and extrac-
tion history. The SEC-MALS chromatogram (Figure 6) shows a single dominant elution
peak with overlapping refractive index (dRI) and light scattering (LS) signals, confirming
the presence of a homogeneous macromolecular population and the absence of detectable
aggregates or secondary fractions.

Molar Mass (g/mol)

'IAOXIOS'

time (min)

Molar Mass (g/mol)

time (min)

Figure 6. Size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS)
analysis of the sulfated polysaccharide. The differential refractive index (dRI) signal is shown as the
blue line, the light scattering (LS) signal as the red line, and the calculated weight-average molecular
weight (Mw) along the elution volume as the black line.

By comparison, other sulfated galactans of equal or greater molecular weight exhibit
much lower intrinsic viscosities. For instance, a sulfated xylo-galactan from the red seaweed
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J. adhaerens [26] with Mw = 6.0 x 10° g/mol had [n] = 102 mL/g, and an exopolysaccharide
from the microalga Navicula sp. with Mw = 1.6 x 106 g/mol showed [n] = 197 mL/g [15].
The markedly higher intrinsic viscosity, together with the Rg/Rh ratio of 2.2, supports an
expanded hydrodynamic conformation in solution [39]. Such behavior may be associated
with the molecular architecture of the sulfated galactan, including backbone composition,
sulfate distribution, and the presence of 3,6-anhydrogalactose-type residues. Notably, the
measurement was carried out in 50 mM NaNOs3, which reduces polyelectrolyte effects [60],
so the high [n] is attributable to the polymer’s innate chain architecture rather than charge-
induced expansion [65].

In practical terms, the high intrinsic viscosity ([n] = 420.9 mL/g) indicates a large
hydrodynamic volume of the polymer chains in solution [66]. Using the classical approx-
imation ¢* = 1/[y], the critical overlap concentration is estimated to be approximately
2.4 g/L. This low c* value suggests that chain interpenetration and physical entanglements
occur at very low polymer concentrations, providing a structural basis for the pronounced
viscosity increase and the formation of physically crosslinked networks observed even in
the absence of added ions [67].

The macromolecular characteristics described above, particularly the high intrinsic vis-
cosity and relatively expanded chain conformation, suggest that the sulfated polysaccharide
is capable of forming intermolecular associations in aqueous solution. At concentrations
above the overlap concentration (C*), such interactions are expected to promote chain entan-
glement and the formation of transient network structures [68]. In this context, rheological
analysis provides a direct approach to evaluate how these molecular features translate into
macroscopic viscoelastic behavior. Therefore, strain and frequency sweep experiments
were performed to characterize the mechanical response and structural stability of the
polysaccharide network.

To ensure that oscillatory measurements were conducted within the linear viscoelastic
region (LVR), strain sweep experiments were performed at constant frequency (1 Hz) over a
deformation range of 1-30% (Figure 7). The storage modulus (G’) remained nearly constant
up to approximately 5% strain, indicating that the system behaves linearly within this
region. Beyond this point, a progressive decrease in G’ and a concomitant increase in G”
were observed, suggesting structural disruption of the polymer network.

102

—8— Storage modulus, G’
Loss modulus, G”

Modulus (Pa)

101 4

100 10t
Oscillation strain, y (%)

Figure 7. Strain sweep of the sulfated polysaccharide hydrogel (3% w/v) at 25 °C and 1 Hz, showing
the storage modulus (G’) and loss modulus (G”) as a function of oscillatory strain. The linear
viscoelastic region (LVR) is observed up to approximately 5% strain.
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The presence of a defined LVR and relatively stable G’ values within this region sug-
gests the formation of a weakly structured network, typical of physically entangled, weakly
crosslinked polysaccharide systems. This behavior is likely governed by a combination
of intermolecular hydrogen bonding, chain entanglement, and electrostatic interactions
arising from the high sulfate content of the polymer. In sulfated galactans, the presence of
charged groups promotes extended chain conformations and modulates intermolecular
interactions, directly influencing viscoelastic properties and network stability [2,28]. Similar
weak gel behavior, characterized by G’ > G” and moderate frequency dependence, has been
widely reported for marine polysaccharides, where the balance between chain flexibility,
charge density, and intermolecular interactions determines the mechanical response of the
system [55,69].

Based on these results, a strain value of 2% was selected for frequency sweep measure-
ments, as it lies well within the LVR and ensures that the viscoelastic response reflects the
intrinsic network structure rather than strain-induced artifacts. Frequency-sweep experi-
ment revealed that G’ remained higher than G” across the entire frequency range (Figure 8),
confirming the predominance of elastic over viscous behavior. The G’ values were on the
order of 10'-10? Pa, while G” remained lower, typically within the 10! Pa range. Both
moduli exhibited moderate frequency dependence, characteristic of weak gel systems,
with G’ showing higher absolute values and slightly stronger dependence than G”. This
behavior is indicative of a structured network stabilized by physical interactions, such as
ionic crosslinking and hydrogen bonding [55].

G' (Storage modulus)
O G" (Loss modulus)

G', G" (Pa)

102} © fe)

102 10 10° 107
Frequency (Hz)

Figure 8. Frequency dependence of the storage modulus (G') and loss modulus (G”) of the

sulfated polysaccharide hydrogel (3% w/v) measured at 25 °C and 2% strain within the linear

viscoelastic region.

The frequency dependence of tan 5 was also evaluated to describe further the vis-
coelastic balance of the 3% w/v polysaccharide dispersion (Figure 9). Across the evaluated
frequency range, tan 6 remained below unity, indicating that the elastic response predom-
inated over the viscous response. However, the frequency-dependent variation in tan
b and the non-negligible viscous contribution suggest a weak physical gel rather than a
strong, permanently crosslinked network. G. vermiculophylla produces agar with struc-
tural variations depending on the species and extraction conditions. Li, et al. [45] studied
polysaccharides from Gracilaria chouae collected from five different regions, and all samples
exhibited weak gel behavior at 1% w/v and 25 °C. At low frequencies, some samples
exhibited a predominance of the elastic modulus over the viscous modulus, indicative of a
more solid-like response, whereas others showed dominant viscous behavior; however, as
the frequency increased, all samples converged toward tan 6 values close to 1, supporting
their classification as weak gels [69].

https://doi.org/10.3390/analytica7030049


https://doi.org/10.3390/analytica7030049

Analytica 2026, 7, 49

19 of 28

0.350 A1

0.325 A1

0.300 A

0.275 A

tan 6

0.250 A

0.225 A1

0.200 A

0.175 A1

0.150 T T T T
102 10-! 10° 10!
Frequency (Hz)

Figure 9. Frequency dependence of tan 6 for the 3% w/v sulfated polysaccharide dispersion.

The predominance of the elastic modulus over the viscous modulus (G’ > G”) at
low frequencies is commonly interpreted as solid-like or gel-like behavior, indicating the
formation of a weak yet structured polysaccharide network. In general, higher 3,6-anhydro-
L-galactose content and lower sulfation result in stronger gels (high G’), while sulfates
in certain positions prevent double helix formation, weakening the gel or preventing its
formation [70,71].

3.6. Antioxidant Activity of Macroalgae Sulfated Polysaccharide

The antioxidant activity of the sulfated polysaccharide extracted from red marine
algae was clearly evaluated by both ABTS* and DPPH radical scavenging assays. The
significantly higher value obtained in the ABTS" assay (172.4 & 6.8 umol TE/g) compared
to the DPPHe assay (51.1 & 3.0 umol TE/g, expressed as Trolox equivalents) suggests
greater reactivity in aqueous/polar radical systems, which is typical of highly charged and
hydrophilic polysaccharides with abundant sulfate ester groups.

The antioxidant capacity values obtained in the ABTS* and DPPHe assays fall within
the range reported for purified sulfated polysaccharides from marine sources, which gener-
ally exhibit moderate antioxidant activity compared to crude seaweed extracts [15,21]. A
high antioxidant capacity in sulfated polysaccharides has been related to a combined con-
tribution of sulfate and phenolic content [72], where higher values are typically associated
with the combined contribution of these components. In contrast, our study evaluates a
purified polysaccharide fraction, in which antioxidant activity is primarily associated with
sulfate groups rather than phenolic compounds.

The high sulfate content of the present polysaccharide (28%) may contribute to its
antioxidant performance. Sulfate groups introduce strong negative charges along the
galactan backbone, which can promote electron donation and stabilization of radical species
in aqueous systems [73]. Similar structure-activity relationships have been described for
sulfated galactans and agarans from red seaweeds, where increasing sulfation degree
is associated with enhanced ABTS* and, to a lesser extent, DPPH radical scavenging
capacities [64,74]. Notably, the antioxidant activity observed here is consistent with values
reported for highly sulfated polysaccharides (typically 9-13% sulfate), highlighting the
functional relevance of the unusually high sulfation level [75,76].

Previous studies on red seaweed polysaccharides provide further insight into the
structure-activity relationship governing antioxidant behavior [77]. In particular, fraction-
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ated polysaccharides from Mastocarpus stellatus showed that ABTS" radical scavenging
activity varies significantly among fractions depending on their chemical composition
and extraction conditions, and that sulfate content is strongly correlated with antioxi-
dant capacity (p < 0.001), indicating that sulfation plays a central role in radical scaveng-
ing activity. In contrast, the influence of molecular weight was less consistent, suggest-
ing that chemical functionality rather than chain size is the dominant factor controlling
antioxidant performance.

The lower DPPHe scavenging activity relative to ABTS* can be rationalized by steric
and solubility limitations inherent to the DPPH assay, which favors low-molecular-weight
and more hydrophobic antioxidants [78]. Similar trends have been reported for sulfated
polysaccharides from red seaweeds and marine microalgae, where high sulfate density
enhances ABTSe™ scavenging but only moderately improves DPPHe reduction [16]. Taken
together, these results position the present sulfated polysaccharide as a hydrophilic an-
tioxidant, within the range reported for many red algal polysaccharides, supporting its
potential application as a natural antioxidant in functional foods, nutraceuticals, and
cosmetic formulations.

To further evaluate the antioxidant behavior of the sulfated polysaccharide, dose—
response curves were constructed for both ABTS™ and DPPHe assays (Figure 10). A
concentration-dependent increase in radical scavenging activity was observed in both systems.
In the ABTS" assay, the polysaccharide exhibited a progressive increase in inhibition, reaching
approximately 70% at 50 mg/mL, with an estimated ICs; value of 31.8 £ 2.5 mg/mL. In con-
trast, the DPPHe assay showed lower radical-scavenging efficiency, reaching 67% inhibition at
100 mg/mL and an ICsy of approximately 51.1 £ 3.0 mg/mL. Statistical differences between
concentrations were evaluated using one-way ANOVA (p < 0.05). The percentage inhibition
values and statistical grouping of both ABTS* and DPPHe assays are summarized in Table 6.
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Figure 10. Dose-response curves of ABTS* and DPPHe radical scavenging activity of the sulfated
polysaccharide. Data are expressed as mean =+ standard deviation (1 = 6).

The IC5p value observed in the ABTS" assay indicates a higher sensitivity of this
method toward the sulfated polysaccharide. This behavior is consistent with the predom-
inance of electron transfer mechanisms and the hydrophilic nature of the polymer. In
contrast, the DPPHe assay, which is more suitable for low-molecular-weight and hydropho-
bic antioxidants, shows reduced sensitivity toward macromolecular and highly charged
systems [79,80]. Polysaccharides from Gracilaria species have shown DPPHe ICs( values in
the range 10-100 of mg/mL depending on sulfation degree and molecular weight [39,81],
while fractionated galactans from Mastocarpus stellatus exhibit moderate antioxidant re-
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sponses strongly correlated with sulfate content [77]. More generally, marine SPs are
consistently described as exhibiting moderate ICsy values compared with phenolic-rich
extracts, with activity largely governed by degree of sulfation and macromolecular struc-
ture [75,82]. Taken together, these results suggest that the antioxidant activity of the present
sulfated polysaccharide lies within the expected range for structurally similar systems and
is primarily governed by its degree of sulfation and hydrophilicity.

Table 6. Percentage inhibition (%) of ABTS* and DPPHe radical scavenging activity of the sulfated
polysaccharide at different concentrations.

Concentration ABTS DPPH
(mg/mL) (% Inhibition) (% Inhibition)
100 82.45 +1.10° 61.41 +2.132
50 70.23 + 1.85P 49.74 +1.15b
25 3731+ 1.77°¢ 20.11 £ 0.64 €
12.5 30.75 + 2.96 4 6.00 +2.154
6.25 25.34 +0.824 329 + 098¢
3.125 19.45 + 0.60 © 2.66 +0.39 ¢
1.5625 17.21 £ 1.01°¢ 3.10 £ 1.86°©
0.78125 16.53 £ 0.97 ¢ 356 +0.14¢°
0.390625 12.88 + 1.66 © 3.06 +£1.72¢

Values are expressed as mean =+ standard deviation (1 = 6). Different superscript letters within each column
indicate significant differences (p < 0.05) according to one-way ANOVA followed by Tukey-Kramer test.

3.7. Fe**-Induced Complexation and Microgel Formation of the Sulfated Polysaccharide

The interaction between the sulfated polysaccharide and trivalent iron ions (Fe**) was
evaluated at a polymer concentration of 2% (w/v), revealing a strong affinity between the
polymer chains and the metal ions. Upon mixing with Fe3*, an immediate macroscopic
precipitation was observed, accompanied by the formation of heterogeneous microgel-
like aggregates, as shown in Figure 11. Optical microscopy images showed irregularly
shaped, dense microstructures consistent with ion-induced aggregation and polysaccharide
association. These observations suggest that Fe?>* can promote intermolecular association
between sulfated polysaccharide chains.

(A

ﬁ&- -

Figure 11. (A) Macroscopic appearance and (B) optical microscopy image at 40 x magnification of the
microgel-like aggregates formed upon addition of Fe3* to the sulfated polysaccharide solution. Scale
bar =50 um.

Electrostatic interactions between Fe?* ions and negatively charged groups along the
polysaccharide backbone are likely involved in the formation of the observed microgel-like
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aggregates. Fe>* can bridge neighboring chains due to the polymer’s high sulfate con-
centration, thereby promoting intermolecular interactions and network development via
ionic crosslinking. For highly sulfated galactans like carrageenans, similar ion-mediated
gelation or precipitation conditions have been observed. Multivalent cations cause
chain aggregation by neutralizing sulfate charges, generating interface zones [2,23]. Yao,
et al. [83] demonstrate for the first time that A-carrageenan, a highly sulfated polysaccharide
(3 sulfates/disaccharide) from red seaweed Gigartina lanceata, forms thermally stable gels
with Fe?* ions, expanding its utility beyond a viscosifier. Moreover, Fe** addition (0.4%
FeCl; to 1% PS) instantly precipitates a fibrous gel, unlike Na*/Ca?* forms that remain
viscous; rheology shows G’ (1200 Pa) >> G” (150 Pa) at 5 °C, stable to 70 °C without
crossover, and frequency-independent elasticity (0.1-100 Hz) [23]. Image] analysis of three
representative optical micrographs, including approximately 60 measured structures, re-
vealed a broad and heterogeneous apparent size distribution. Particle size was expressed
as the equivalent circular diameter. Most of the Fe3*-induced structures were observed
within the 5-20 um range, while some irregular aggregates exceeded 50 pm. These findings
are consistent with the formation of polydisperse microgel-like aggregates rather than a
uniform particle population.

This behavior is particularly relevant because it indicates the sulfated polysaccha-
rides’ strong ion-responsive character. Trivalent ions such as Fe3* can act as efficient ionic
crosslinkers by bridging negatively charged sulfate groups located on different polysac-
charide chains. This mechanism is consistent with previous reports on A-carrageenan,
where Fe** was shown to induce gelation in a highly sulfated polysaccharide system that
otherwise behaves mainly as a viscous solution depending on the source and type of
polysaccharide [84,85]. Similar observations have been discussed for algal polysaccharide
hydrogels, where trivalent cations such as Fe** and AI** interact specifically with highly
charged polysaccharide chains and promote network formation [86]. This ion-responsive
behavior may justify further investigation of the polysaccharide as a precursor for ion-
crosslinked hydrocolloid or biomaterial systems. The relevance of sulfated polysaccharides
in hydrogel and biomedical material design has been highlighted in recent reviews, where
sulfate groups are described as functional motifs capable of modulating ion interactions,
transient crosslinking, swelling, and bioactivity [37].

FTIR spectroscopy further supported the Fe**-mediated polysaccharide association of
polysaccharide-Fe3* interactions (Figure 12). The spectrum of the native sulfated polysac-
charide showed a broad O-H stretching band centered around 3500 cm™!, as well as

characteristic sulfate ester vibrations near 1214 cm ™!

, assigned to asymmetric S=O stretch-
ing, and bands around 930 and 845 cm~!, commonly associated with galactan structures
and sulfate substitution patterns. After complexation with Fe3*, noticeable changes in
band intensity and shape were observed, particularly a reduction and broadening of the
O-H stretching band and modifications in sulfate-related absorptions. These changes
suggest interactions between Fe®* ions and oxygen-containing functional groups of the
polysaccharide, mainly hydroxyl and sulfate ester groups. Similar spectral changes have
been reported for Fe**—sulfated polysaccharide complexes, where Fe®* coordination affects
the O-H region and sulfate-associated bands while preserving the main carbohydrate

backbone vibrations, including the region around 930 cm ™! [87].
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Figure 12. FTIR spectra of the sulfated polysaccharide before and after complexation with Fe3*.

The Fe3*-induced association observed in the sulfated polysaccharide suggests its
potential as an ion-responsive hydrocolloid. However, further studies on microgel size
distribution, stability, mechanical properties, and ion-binding mechanisms are required to
confirm its applicability as a functional biomaterial. For example, Fe>*-crosslinked alginate
networks have been explored as structured biomaterials for controlled-release systems,
injectable hydrogels, and bioactive carriers due to coordination between trivalent iron ions
and anionic functional groups in the polymer backbone [54].

Overall, the combined macroscopic, microscopic, and spectroscopic evidence is consis-
tent with Fe**-mediated ionic association and the formation of heterogeneous microgel-like
aggregates. However, the exact coordination environment of Fe>* and the relative contri-
butions of sulfate and hydroxyl groups require further confirmation by complementary
techniques. The Fe3*-induced association observed in the sulfated polysaccharide suggests
potential relevance for the development of ion-responsive hydrocolloid systems. Neverthe-
less, the present results should be considered preliminary, and further studies on particle
stability, rheological behavior, iron-binding capacity, release kinetics, cytocompatibility,
and performance under application-relevant conditions are required before specific food,
nutraceutical, or biomedical applications can be proposed.

4. Conclusions

This study shows that the analyzed G. vermiculophylla specimen is a valuable source
of sulfated galactan, whose functional behavior is mainly influenced by sulfate density,
substitution pattern, and chain conformation. The polysaccharide has high carbohydrate
(97%) and sulfate (28%) contents, making it more highly sulfated than many reported agarans
from red macroalgae. Spectroscopic analyses supported an agaran-type sulfated galactan with
3,6-anhydrogalactose-type residues and sulfate-associated environments possibly related to
C-6 positions, leading to expanded chain conformations and a large hydrodynamic volume,
as indicated by a high intrinsic viscosity (420.9 mL/g) despite a moderate molecular weight
(Mw =2.39 x 10° g/mol). These traits allow the formation of weak yet stable physical gels
at 3% w/v and enhance responsiveness to multivalent cations, particularly Fe>* ions. From
a functional perspective, the elevated sulfate density correlates with antioxidant activity,
particularly in aqueous systems (ABTS* = 172.4 + 6.8 umol TE/g; IC5p = 31.8 &= 2.5 mg/mL),
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while DPPHe showed lower activity (51.1 & 3.0 umol TE/g; ICs5p = 51.1 & 3.0 mg/mL). In
addition, pronounced complexation with Fe** enabled rapid ion-mediated aggregation and
microgel formation. Overall, these findings highlight the potential of the Gracilaria-derived
sulfated galactan characterized in this study as a responsive and bioactive marine biopolymer.
Future work should explore how ionic strength, cation type, pH, and complex matrices
influence its gelation behavior, microstructure, and functional performance.
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The following abbreviations are used in this manuscript:

ABTS  2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation
DPPH  2,2-Diphenyl-1-picrylhydrazyl radical

FTIR Fourier transform infrared spectroscopy

GC Gas chromatography

G Storage modulus

G" Loss modulus

MALS Multi-angle laser light scattering

Mn Number-average molar mass

Mw Weight-average molar mass

NMR  Nuclear magnetic resonance

SP Polysaccharide

Rh Hydrodynamic radius

Rg Radius of gyration

RI Refractive index

SEC Size-exclusion chromatography

TE Trolox equivalent antioxidant capacity
[n] Intrinsic viscosity
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