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ABSTRACT
This study aims to investigate the physicochemical characteristics of the exopolysaccharides (EPS) extracted from the microalgae
speciesHalamphora sp., as well as to evaluate their antioxidant, antibacterial, and anti-apoptotic activities. The crude extracellular
polysaccharides from the halophilic diatomHalamphora sp. were found to be extracellular heterosulfated anionic polysaccharides
containing carbohydrates (76.33 ± 1.80%), proteins (0.15 ± 0.02%), uronic acids (5.44 ± 0.08%) and sulfate (7.56 ± 0.86%). The
lowest protein (0.24%) and lipid (0.15%) contents suggested that EPS was highly pure. Gas chromatography–mass spectrometry
analysis revealed that the carbohydrate fraction consisted of xylose, l-galactose, d-galactose, glucose, ribitol, mannose, and
inositol with corresponding mole percentages of 40.55, 13.25, 13.00, 9.95, 9.82, 2.90, and 2.28, respectively. In vitro, tests showed
a high total antioxidant capacity probably related to l-galactose followed by d-galactose, uronic acid, and ribitol. In addition,
extracellular polysaccharides (EPS) demonstrated effective antimicrobial Gram + properties with inhibition zones ranging
from 10 to 12 mm. Molecular docking showed an antiapoptotic effect, as the best docking score was generated due to the
interaction of xylose and caspase 3 (−6.9 kcal/mol) and l-galactose and caspase 3 (−5 kcal/mol). Overall, the findings of
this study suggest the possibility of using the EPS extract of Halamphora sp. as an additive for nutraceutical and cosmetic
purposes.

1 Introduction

Primary metabolism macromolecules, such as monosaccharides,
exopolysaccharides, lipids, and proteins are found in every
organism, but the distribution of secondary metabolism is more

restricted [1]. The production is caused by particular organisms or
a group of extremophile organisms living in extreme conditions,
such as temperature, pH, and salinity. In fact, organisms produce
large compounds of bioactive interest to protect themselves or
to play an important role in their daily life within their living
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ecosystem. This shows that bioactive molecules are present
in unrelated biological systems [2]. Recently, halotolerant and
halophilic microalgae have been recognized as potential sources
of bioactive compounds for nutraceutical applications [3–6].

Microalgae and cyanobacteria are known for their high antioxi-
dant activities due to numerous bioactive substances, including
phenolic compounds, lipids [7, 8], carotenoids and proteins
[9, 10], phycocyanin [11] and polysaccharides [12, 13]. Among
microalgae, diatoms, which produce approximately 25% of the
world’s primary biomass diatom, produce extracellular polysac-
charides (EPS) during their growth, which can constitute 80%–
90% of the total extracellular total release [14–17]. Media-soluble
polymers that are usually “colloidal carbohydrates” and wall-
associated fractions that are usually called “bound carbohy-
drates” or “extra-cellular matrix (ECM) polymers” are among
the extracellular polymers [15, 16]. Diatoms’ ability to adapt to
their environment involves producing EPS that are primarily
composed of sulfated polysaccharides and/or proteoglycans [18].
EPS plays an important ecological role in protecting cells of
diatoms from toxic substances and dehydration and acts as energy
and carbon sinks during dietary stress. Their roles in forming
transparent exopolymeric particles [19], marine gels [20], and
biofilms [21] are well recognized and play an important role
in regulating sedimentation processes, biogeochemical cycling,
and particle dynamics in the oceans via the microbial loop.
The formation of algae aggregates is also promoted by EPS, and
cell-matrix adhesion is mediated, leading to the stabilizing of
the biofilm structure [16]. EPS’s commercial attractiveness and
growing research focus are due to its potential use in various
industries, such as food, medicine, cosmetics, and manufactur-
ing. EPSmicroalgaewere initially used as thickeners and biofat in
food products because of their unique physical traits, such as high
viscosity and good rheological properties [22, 23]. The physico-
chemical properties and biological activity of polysaccharides can
be influenced significantly by their chemical composition and
structural properties. The identification of several types of EPS
frommicroalgae is leading to a gradual diversification of research
on their application [24]. Biomass and EPS both have great
value as carbon storage for food production. Different microal-
gae species produce different types of EPS, including sulfated
exopolysaccharides, such as Chlorella stigmatophora, Chlorella
sp., Tetraselmis sp., Cylindrotheca closterium, and Amphora sp
[25, 26]. In addition, numerous studies, both in vivo and in
vitro, have highlighted some of the biological activities of EPS
microalgae, such as antibacterial, antioxidant, anti-inflammatory,
antiparasitic, immunomodulatory, anticancer, and antithrom-
botic properties. All these interesting properties (great diversity
of microalgae, original structures, physicochemical properties,
and/or biological activity) make these organisms attractive for
the exploitation of these compounds in different industrial
sectors [27]. EPS is usually extracted from the culture medium
by alcohol precipitation [27, 28]. Thermal exopolysaccharides
are a key feature that opens the possibility of using microal-
gae exopolysaccharides in food, cosmetic, and pharmaceutical
industries [29]. Diatom communities in the Sfax solar saltern
are composed of several euryhaline and stenohaline species
[30, 31]. Recently, Boukhris et al. [7]. isolated the halophilic
diatom Halamphora sp. and showed that it is rich in several
metabolites, such as lipids, proteins, phenolics, and polysaccha-
rides. This study aims to explore exopolysaccharide extracts from

Halamphora sp. by investigating their physicochemical proper-
ties as well as their antioxidant, antibacterial, and anti-apoptotic
activities.

2 Materials andMethods

2.1 Microalgae

The bacillariophyceae utilized in this research were recently
isolated from a water sample from the saltwork of Sfax in pond
C4-1 where the salinity average was 107 p.s.u. The saltwork of
Sfax, located in the central-eastern part of Tunisia (34◦ 39′ N
and 10◦42′ E), was composed of several interconnected shallow
ponds (20–70 cm depth) where the salinity ranged from 40 to 400
p.s.u. [30] The diatom was identified asHalamphora sp. using its
internal spacer sequence, transcribed from the rDNA sequence
(GenBank accession number SB1 MK575516.1).

2.2 Culture Conditions

Halamphora was grown batch-wise in autoclaved natural seawa-
ter enriched by sodium silicate (Na2SiO3), and a trace of metal
solution according to F/2medium composition [31, 32]. The salin-
ity of themedium culturewas adjusted to 100 p.s.u.Halamphora’s
cultures were maintained under controlled conditions at 25◦C
and 60 µmoles photonsm−2 s −1 provided by fluorescent light tube
with a light:dark (16 h:8 h) cycle for 15 days.

2.3 Process of Extraction of Crude
Exopolysaccharides

The crude exopolysaccharides (CH-EPS) were isolated from
Halamphora sp. using the hot water extraction technique accord-
ing to themethod outlined by Sanniyasi et al. [33] Themicroalgal-
filled culture mediumwas isolated at 12 days and was centrifuged
for 20 min at 4000 rpm. Then, the supernatant was separated
by filtering through the Whatman No.1 filter paper. The filtrate
was incubated at 70◦C in boiling water for 40 min. At the same
time, the heat-treated aqueous filtrate was mixed with twice the
volume of pure ethanol and held overnight at −20◦C to enhance
precipitation. Subsequently, the centrifugation at 8000 rpm for
5 min yields the precipitated exopolysaccharides in pellet form.
Finally, the CH-EPS was dissolved in 1 mL of Milli-Q water and
maintained in a hot mantle at 10◦C to achieve a dry yield. The
yield of extraction was calculated as the percentage of extracted
CH-EPS to the total biomass of Halamphora.

Extraction yield (%)

= (extracted CH − EPS mass∕total biomass) × 100

2.4 CH-EPS Characterization

The amount of total carbohydrate was assessed by the sulfuric
acid-phenol colorimetric method using a standard curve gener-
ated with glucose as the standard [34]. Furthermore, the protein
content was determined by standardizing bovine serum albumin
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according to the method of Lowry [35]. Total crude lipids were
determined gravimetrically [36]. The total uronic acid content
was measured through colorimetry (520 nm) with galacturonic
acid as the standard following the method described by Bitter
and Muir [37], The concentration of uronic acid in CH-EPS was
determined from a standard curve plotted using galacturonic acid
as standard. The sulfate contentwas obtained turbidimetrically as
barium sulfate [38]. The sulfated radical content was calculated
from a standard curve generated with potassium sulfate as the
reference.

2.5 Chromatographic Analysis

2.5.1 Acid Hydrolysis

The hydrolysis kinetics is a crucial phase to establish the optimal
conditions for releasing simple sugars and oligosaccharides.
50 mg of the CH-EPS extract was hydrolyzed with 2 mL of
trifluoroacetic acid (2 M) at 100◦C for 5 h in sealed test tubes.
Then, the sample was neutralized with NaOH (1 M) and sub-
sequently centrifuged at 2000 × g for 5 min. The supernatant
was collected and analyzed using gas chromatography–mass
spectrometry (GC–MS).

2.5.2 Gas Chromatography-MS

The neutral sugar composition was analyzed using GC–MS, a
standard method for determining the composition of exopolysac-
charides, including the types and molar ratios of monosac-
charides. This analysis was conducted following the hydrolysis
of the exopolysaccharides from Halamphora sp. as described
earlier. The exopolysaccharides solution was performed on an
HP 5890 Series II GC chromatograph coupled to an HP 5970
mass spectrometer (Amsterdam, The Netherlands) equipped
with a DB-225MS (Durabond) fused silica capillary column
(30 m × 0.25 mm). The temperature gradient across the column
was adjusted starting at 180◦C to rise 280◦C at 5◦C/min. The inlet
and detector were maintained at 280◦C. Helium was used as a
carrier gas with a flow rate set at 1 mL/min.

2.6 Structural Analysis of CH-EPS

2.6.1 Fourier Transform Infrared Spectrum

The structural groups present in the CH-EPS extracted from
Halamphora sp. were carried out by a Fourier-transform infrared
spectrum (FTIR) spectrometer (Nicolet) equipped with a hori-
zontally attenuated total reflectance accessory. One milligram of
dried CH-EPS was mixed with KBr powder, ground together, and
then compressed into 1 mm pellets for FTIR measurement from
4000 to 400 cm−1. The spectroscopy results were analyzed using
the software OPUS 3.0 (Bruker).

2.6.2 Nuclear Magnetic Resonance Spectroscopy

The structure CH-EPS was determined using 1H and 13C NMR
Bruker 600 MHz spectrometer at 25◦C. Thirty milligrams of dry

CH-EPS were dissolved in 1 mL of deuterium oxide (99.9%). 1H
and 13C NMR spectra were recorded at the two spectrometer
frequencies 300 and 75.5 MHz, respectively. The data analysis
was conducted using MestReNova 5.3.0 software (Mestrelab
Research S.L.). Chemical shifts corresponding to the location of
the signal in the nuclear magnetic resonance (NMR) spectrum
are expressed in parts per million.

2.7 Assessment of Antioxidant Activities

The antioxidant properties of the CH-EPS extracted fromHalam-
phora sp. were assessed through in vitro tests.

2.7.1 Determination of Total Antioxidant Capacity

The test depends on the ability of CH-EPS to reduce Mo(VI)
to Mo(V) under acidic pH conditions, leading to the creation
of a green phosphate/Mo(V) complex [39]. Aliquots of CH-EPS
were mixed with 1 mL of a reagent solution containing 4 mM
ammonium molybdate, 28 mM sodium phosphate, and 0.6 M
sulfuric acid in an Eppendorf tube. Samples weremaintained in a
heating block at 95◦C for 90 min. Once the mixture had cooled to
room temperature, the absorbance of each solutionwasmeasured
at 695 nm. Total antioxidant capacity (TAC) was expressed in
mg vitamin C equivalent/g of sample. Each sample was analyzed
three times.

2.7.2 Measurement of FreeRadical-ScavengingActivity

Free radical scavenging activity of CH-EPS was assessed spec-
trophotometrically at 517 nm against the indicator 2,2-diphenyl-
1-picrylhydrazyl (DPPH) [40]. The control is vitamin C was used
as a standard. The antioxidant scavenging activity of CH-EPS was
expressed as a percentage of DPPH absorbance and calculated
using the following equation:

%DPPH scavenging = [(A0 − A1) /A0] × 100

where A0 = the absorbance of the control reaction and A1 = the
absorbance in the presence of CH-EPS triplicate analyses were
conducted for each sample.

2.7.3 Hydroxyl Radical Scavenging Activity Test

The ability of CH-EPS to scavenge hydroxyl radical was assessed
using the method outlined by [41] with minor modifica-
tions. The reaction mixture consisted of deoxyribose (2.8 mM),
KH2PO4─NaOH buffer at pH 7.4 (0.05M), EDTA (0.1 mM), FeCl3
(0.1 mM), H2O2 (1 mM), and different concentrations of CH-EPS
in a final volume of 2 mL. The mixture was incubated at 37◦C
for 30 min, followed by 2 mL of trichloroacetic acid (2.8% w/v)
and thiobarbituric acid were added. Subsequently, the mixture
was subjected to boiling water for 30 min. Once the mixture
was cooled the absorbance was measured at 532 nm using an
ultraviolet-visible spectrophotometer, with vitamin C serving as
control. The following equation was computed to calculate the
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percentage of hydroxyl radical scavenged by CH-EPS.

Hydroxyl radical scavenging ability (%)

= [A0 − (A1 − A2)] × 100∕A0

A0 represents the absorbance of the control without a sample,
A1 is the absorbance after the addition of the sample and 2-
deoxy-D-ribose, and A2 is the absorbance of the sample without
2-deoxy-D-ribose. The measurement was done in triplicate for
each concentration.

2.7.4 Superoxide Radical Scavenging Activity Assay

Inhibition of nitrotetrazolium blue (NBT) reduction caused by
photochemically generated O2

− was used to determine the scav-
enging activity of CH-EPS on superoxide anion [42]. Vitamin C
served as the reference standard. The percentage of superoxide
anion inhibited by CH-EPS was determined as follows:

%superoxide anion scavenging = [(A0 − A1) /A0] × 100

where A0 is the absorbance of the control reaction and A1 is the
absorbance in the presence ofCH-EPS. Each samplewas analyzed
three times.

2.8 Assessment of Antibacterial Activity

2.8.1 Microbial Strains and Growth Conditions

The antibacterial activity of CH-EPS was evaluated on six
bacterial strains: gram-negative: Escherichia coli (ATCC8739),
Pseudomonas aeruginosa (ATCC 9027), and Salmonella enterica
(CIP 8039), gram-positive: Listeria ivanovii (BUG 496), Bacil-
lus amyloliquefaciens (FZB 425), and Staphylococcus aureus
(ATCC6538). The bacterial strains were incubated on Mueller-
Hinton Agar (MHA) at 37◦C for 24 h within the Friocell
incubator.

2.8.2 Disk DiffusionMethod

The antibacterial activity of CH-EPS was assessed by the disk
diffusion method [43]. In brief, 150 µL of culture suspensions
containing the tested bacterial strains 106 (CFU/mL) were spread
evenly on the surface of solid MHA plates. Filter paper disks with
a 5 mm diameter were sterilized and then soaked in 10 µL of CH-
EPS (0.1 mg per disk). These disks were placed onto inoculated
plates and stored at 4◦C for 2 h before being incubated at 37◦C
for 24 h. The antibacterial activity was assessed by measuring
the diameter of inhibition zones and comparing them to those of
Ampicillin (10 µg per disk),which served as a positive control. The
zone inhibition of each size surrounding the tissue wasmeasured
using calipers. The antibacterial activity test was conducted in
triplicate. The diameter of the inhibition zone was used to assess
the degree of bacterial sensitivity to the CH-EPS extract.

2.9 In Silico Study

In this study, three apoptotic proteins (Bax/Bcl-2 and caspase_3)
were used to evaluate the antiapoptotic activity of l-galactose
and xylose. The three-dimensional structures of Caspase 3 bound
to a covalent inhibitor (PDBid: 3KJF), BCL-2 (PDBid: 6O0K),
and the pro-apoptotic protein Bax (PDBid: 1F16) were obtained
by downloading them from the RCS PDB from the database at
http://www.rcsb.org/pdb. 3D structures of ligands (l-galactose
and xylose) were obtained from the PubChem database [44].
Proteins and ligands were prepared prior to the docking process,
the water molecules were removed, energy was minimized, and
then the site map of Maestro was used for active site prediction.
The XP (Extra Precision Mode) docking protocol of Maestro
software was employed to carry out the docking process. This
method offers a comprehensive investigation, enabling a more
in-depth exploration of the molecular interactions that are at
play. The optimal docking arrangement was chosen based on the
docking pose with the lowest binding free energy between the
ligand and receptor. The resulting visual depictions of the docking
interactions were observed using Biovia Discovery Studio 2020
(Studio, 2020).

2.10 Statistical Analysis

The values are represented as the mean ± standard deviation.
In order to explore potential correlations between the princi-
pal components of CH-EPS and its antioxidant activities the
corresponding data were submitted to a normalized principal
component analysis (PCA) [45]. Pearson’s correlation coefficient
was computed to evaluate the significant relationship between
the CH-EPS composition and the antioxidant activities. Statistical
analyses were conducted using a statistical software program
(Xlstat version 19.0).

3 Results

3.1 Physicochemical Characterization of CH-EPS

3.1.1 Yield Extraction and Chemical Compositions of
CH-EPS

CH-EPS was extracted from Halamphora sp. diatoms using hot
water, resulting in an extraction yield of 24.15% of dry weight
(DW). The chemical composition of CH-EPS is summarized in
Table 1. CH-EPS exhibited a high amount of carbohydrates, reach-
ing 76.33% ± 0.18% of dry weight or total CH-EPS. The protein
and lipid contents were low and did not exceed 0.15% ± 0.02%
and 0.24% ± 0.006% of CH-EPS, respectively. In addition, sul-
fate groups and uronic acids contributed 7.56% ± 0.86% and
5.44% ± 0.08%, respectively, to the CH-EPS.

3.2 Monosaccharide Composition of CH-EPS
(GC‒MS)

The analysis of monosaccharides showed that the polymers
of Halamphora sp. are composed of heterogeneous sugars
(Table 1). GC‒MS analysis showed that CH-EPS displayed
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TABLE 1 Chemical and monosaccharide composition of crude
exopolysaccharides (CH-EPS) from Halamphora sp.

Composition Value (% dry weight)

Yield 24.15 ± 1.150
Total carbohydrate 76.33 ± 0.180
Total proteins 0.15 ± 0.026
Total lipids 0.24 ± 0.006
Uronic acid 5.44 ± 0.080
Sulfated groups 7.56 ± 0.860
Neutral sugars (% m/m)
l-galactose 13.25
Inositol 2.28
Ribitol 9.82
Xylose 40.55
Glucose 9.95
d-galactose 13.00
Mannose 2.90

Values are expressed as mean ± standard deviation (n = 3).

a mixed composition of seven monosaccharides, including,
l-galactose, inositol, ribitol, xylose, glucose, d-galactose, and
mannose. The main component of CH-EPS was xylose (40.55%
of monosaccharides), followed by l-galactose (13.25%), and
d-galactose (13.00%), with considerable amounts of glucose
(9.95%) and ribitol (9.82%). Minor contents of mannose (2.90%)
and inositol (2.28%) were also reported.

3.3 FTIR Analysis of CH-EPS

For a rapid assessment of significant functional groups and
polysaccharides binding, the FTIR spectrumof an exopolysaccha-
rides extract from Halamphora sp. was obtained, and the results

are shown in Figure 1. The FTIR spectrum displays an absorption
band at 3430.0 cm−1 corresponding to OH groups. Addition-
ally, there are weak bands at 2857.3 and 2924.0 cm–1 due to
C─H stretching and bending vibrations. The presence of carboxyl
groups in CH-EPS is signaled by two characteristic peaks, one at
approximately 1629.6 cm−1, corresponding to C─O asymmetric
stretching vibration, and another at 1415.2 cm−1 related to C─O
symmetric stretching vibration. The most significant bands were
recorded at 1374.3 and 1350.07 cm−1, which resulted from the
stretching vibration of the ester sulfate groups (S═O) (Figure 1).
The large band observed at 1152.6 cm−1 is attributed to the stretch-
ing vibration of C─O in C─O─H bonds and C─O─C glycosidic
bond vibration. We assumed that this large band is linked to the
presence of the pyranose ring in polysaccharides. Additionally,
the minor characteristic absorption at 927.0 cm−1 is linked to
the C─O─C group present in 3,6-anhydrogalactose, while the
bands recorded between 800.0 and 860 cm−1 could be attributed
to the presence of sulfate groups (Figure 1). Therefore, CH-EPS-
FTIR analysis displayed typical uptake peaks (3430.0, 2924.0,
1629.6, 1415.2, 1152.6, and 927.0 cm−1) for algal exopolysaccharides
(Figure 1).

3.4 NMR Analysis of CH-EPS

Figures 2 and 3 show the 1H and 13C NMR spectra of Halam-
phora sp. CH-EPS. The complexity of these spectra reflects the
heterogeneity of CH-EPS and confirms the presence of significant
exopolysaccharide structures. The spectrum’s most informative
range is around 5.30–4.35 ppm. The signals at 5.30 and 5.13 ppm
were assigned to the anomeric proton of 6-sulfate-α- L- galactopy-
ranose (L-6S) and 3,6-α-l-anhydrogalactose (LA), respectively.
However, the signal at 4.36 ppm was caused by the H-1 of β-d-
galactose (G’) linked to 6-sulfate-α-L-galactopyranose. The signal
(at around 4.57 ppm) corresponding to H-1 of β-d-galactose (G)
linked to 3,6-α-l-anhydrogalactose was not detected in the 1H
NMR spectrum and probably overlapped with the signal of D2O.
Moreover, a series of large and intense signals recorded between

FIGURE 1 Fourier-transform infrared spectrum (FTIR) spectra of crude exopolysaccharides (CH-EPS) determined according to wavenumber
(cm−1) and transmittance (%).
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FIGURE 2 1H NMR spectrum of Halamphora sp. crude exopolysaccharides (CH-EPS).

FIGURE 3 13C NMR spectrum of Halamphora sp. crude exopolysaccharides (CH-EPS).
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FIGURE 4 Scavenging effects on (A) 2,2-diphenyl-1-picrylhydrazyl (DPPH), (B) OH, and (C) nitrotetrazolium blue (NBT) assays of Halamphora
sp. crude exopolysaccharides (CH-EPS) at different concentrations compared to vitamin C (standard). Values are presented as the mean ± SD of three
replicates (n = 3).

3.0 and 4.0 ppm were probably linked to the CH2─O and CH─O
groups of the sugars.

In the 13C NMR spectrum, signals from anomeric carbons of
the glycoside typically appear in the 90–105 ppm region, while
those from non-anomeric carbons are found between 60 and
85 ppm. The anomeric region of CH-EPS (δ 99–105) exhibits
three prominent signals (Figure 3), which were attributed to C-
1 of β-d-galactose (G’) linked to 6-sulfate-α-L-galactopyranose at
102.9 ppm; C-1 of 6-sulfate-α-L-galactopyranose unit at 99.7 ppm
and C-1 of 3,6-α-l-anhydrogalactose at 99.6 ppm. The signal
corresponding to C-1 of β-d-galactose (G) bound to 3,6-α-l-
anhydrogalactose was not detected in the 13C NMR spectrum and
probably overlapped with the signal at 102.9 ppm. This spectrum
showed, among others, four CH2 signals at 69.6, 68.5, 62.4, and
61.0 ppm attributed to C-6 of 3,6-α-l-anhydrogalactose, 6-sulfate-
α-L-galactopyranose (L-6S), β-d-galactoses (G), and (G′) residues,
respectively. Also, the spectrum displayed two specific signals
at δ 55.0 and 173.0 ppm revealing the presence of O-methyl sugar
residue and carboxyl groups, respectively, in the CH-EPS.

3.5 Antioxidant Activities of CH-EPS

The total antioxidant capacity (TAC) of CH-EPS exhibited a high
value of 8.63 ± 0.36 mg vitamin C equivalent/g of sample.

3.5.1 Scavenging Effects of CH-EPS on DPPH Radicals

The DPPH test was used to determine the antioxidant activity
of CH-EPS. The results for various concentrations (Figure 4A)
indicated that CH-EPS exhibited moderate free radical scaveng-
ing activity, but it was significantly lower than that of vitamin C
(p < 0.05). Indeed, the highest scavenging activity was recorded
at 2 mg/mL of CH-EPS corresponding to a low DPPH absorbance
which did not exceed 42.52 ± 1.37%.

3.5.2 Hydroxyl Radical Scavenging Effects of CH-EPS

Figure 4B displays the hydroxyl radical scavenging ability of CH-
EPS. CH-EPS exhibited a high reduction in hydroxyl radicals with
the concentration-dependent pattern. The maximum inhibition
reached 68.82 ± 1.37% at 2 mg CH-EPS/mL corresponding to an
IC50 value of 0.84 mg/mL. However, the IC50 of vitamin C was
1.32 mg/mL.

3.5.3 Scavenging Effect of CH-EPS on Superoxide Radi-
cal

As shown in Figure 4C, CH-EPS was a poor scavenger
of superoxide radicals compared to vitamin C (p < 0.05).
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FIGURE 5 Principal component analysis (PCA) of the monosac-
charide component crude exopolysaccharides (CH-EPS) from Halam-
phora sp. and antioxidant capacity.

While the sulfate content on the CH-EPS was high (7.56%
of DW, Table 1), the maximum braking value did not exceed
30.52% ± 3.37.

3.6 Relationship Between Antioxidant Activity
and Principal Components of CH-EPS

The principal component analysis (PCA) displays potential cor-
relations between the principal components of CH-EPS and its
antioxidant activity (Figure 5). Axes F1 and F2 accounted for
100% of the total variance and displayed two distinct groups.
Axis F1 selected positively the first group (G1), which was
composed of d-galactose, ribitol, glucose, and inositol. However,
F1 selected negatively themonosaccharide xylose. F2 axis selected
the group (G2) composed of total carbohydrate, l-galactose,
mannose, xylose, uronic acid, and sulfated compounds, which
are coupled to DPPH, TAC, NBT, and OH.. Pearson correlation
revealed a strong correlation between the levels of l-galactose,
and NBT (r = 1; p < 0.01), OH (r = 0.99; p < 0.05), and DPPH
(r = 0.99; p < 0.05) (Table 2). Moreover, d-galactose and ribitol
were correlated positively with TAC, NBT, DPPH, and OH.

3.7 Antibacterial Assay

The antibacterial activity of Halamphora sp. CH-EPS was tested
against six bacterial strains, and its effectiveness was determined
through qualitative and quantitative assessment of inhibition
zone diameters (IZD) (Table 3). Results show that CH-EPS
inhibited the growth of nearly all tested bacterial strains. EPS
extract shows a low activity against Gram (+) bacteria, producing
zones of inhibition 10–12 mm in diameter compared to that of
ampicillin (IZD = 14–25 mm) (Table 3). However, for Gram (−)

bacteria, a moderate potential antimicrobial activity of 8 mmwas
observed against E. coli (ATCC 8739), while it was weaker against
Pseudomonas aeruginosa (ATCC 9027) and Salmonella enterica
(CIP 8039) about 7 and 7.6 mm, respectively.

3.8 Antiapoptotic Effect: In Silico Study

A molecular docking study of the activity of l-galactose and
xylose against apoptotic proteins revealed that the best dock-
ing score was generated due to the interaction of xylose and
caspase_3, which was −6.9 kcal/mol, as shown in Table 4.
l-galactose generated a docking score of −5 kcal/mol with
caspase_3, BCL-2, and Bax (Table 4). Different hydrogen bonds
were generated due to the interaction of the ligands and
apoptotic proteins. Ten hydrogen bonds were shown from the
interaction of caspase_3 and l-galactose: ARG 64A, (2), HIS
121A (2), GLN 161A, CYS163A (2), SER205B, and ARG207B
(2). The bonds occurred at a very small distance between 1.8
and 2.8 Å (Table 5). The interaction of caspase_3 and xylose
generated 5 hydrogen bonds with residues ARG207B, ASN208B,
TRP 214B, and PHE250B (2) (Arg207, Arg64, Ser205) (Figure 6).
As shown in Table 6, the Bax protein and l-galactose inter-
acted with 14 H-bonds, which resulted in a docking score of
−5.8 kcal/mol, while the interaction of Bax and xylose resulted
in 6 H-bonds and a docking score of −4.5 kcal/mol (Figure 7).
BCL-2 showed the least number of H-bonds with both l-
galactose and xylose, and two (TYR108A andARG146A) and three
(ASP 103A and ARG107A) H-bonds were generated, respectively
(Figure 8).

4 Discussion

CH-EPS was extracted from Halamphora sp. diatoms using hot
water; the extraction yield was 24.15% of dry weight (DW),
which is similar to that of Cylindrotheca closterium (23%) [46].
The soluble sulfated polysaccharides of the diatoms Chaetoceros
affinis and Chaetoceros debili ranged between 16 and 40 mg/L
[47]. The differences in the strains, culture conditions, extraction
methods, and growth phase of the culture make it difficult to
compare the results with those in the literature. The biosynthesis
of polysaccharides is linked to the ability of microalgae to grow
under unfavorable conditions [48, 49] The environmental (e.g.,
salinity, nutrient limitation, temperature, growth phase, etc.) and
nutritional factors (e.g., Mg2+, K+, Ca2+, etc.) inherent inmicroal-
gae technology can affect the synthesis of polysaccharides [50].
Thus, optimizing process conditions and culture infrastructure
for microalgae boosts cell growth rate, biomass production, and
polysaccharides yield [49]. Benthic diatoms produce the highest
concentration of EPS when cultured under nutrient-restricted
conditions [51–53]. Components of the diatom carbohydrate pool
may therefore fall into different extracts [53–55]. Carbohydrate
composition, size, and structural form influence the degree to
which EPS bind to sediments, respond to dehydration, and are
degraded by bacteria [21, 56] These characteristics are crucial to
the significant roles that EPS play in marine sediments, where
they act as agents for biostabilization [54] and contributing to
carbon pump in the environment [53, 57] Our results showed
that CH-EPS exhibited a high amount of carbohydrates, reaching
76.33 ± 0.18% of dry weight or total CH-EPS. The protein and
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TABLE 2 Correlation matrix (Pearson–Bravais) between the different compounds of crude exopolysaccharides (CH-EPS) and the antioxidant
activities.

Variables Carbo
Uronic
acid Sulfated Xylose d-Gala Glycose Ribitol Mannose Inositol l-Gala TAC DPPH OH NBT

Carbo 1
Uronic acid 0.827** 1
Sulfated 0.394* 0.842** 1
Xylose 0.143 0.674** 0.966** 1
d-Gala 0.895** 0.490* −0.057 −0.313 1
Glycose 0.494* −0.079 −0.604 −0.790 0.830** 1
Ribitol 0.773** 0.283* −0.279 −0.518 0.975** 0.934** 1
Mannose 0.538* 0.918** 0.987** 0.911** 0.105 −0.467 −0.120 1
Inositol 0.224* −0.363 −0.808 −0.933 0.635** 0.958** 0.791** −0.702 1
l-Gala 0.994** 0.762** 0.292* 0.035 0.938** 0.585* 0.837** 0.444* 0.327* 1
TAC 0.982** 0.706** 0.213* −0.047 0.963** 0.650** 0.879** 0.368* 0.404* 0.997** 1
DPPH 0.997** 0.783** 0.324* 0.069 0.926** 0.558* 0 ;818** 0.473* 0.295* 0.999** 0.993** 1
OH. 0.998** 0.794** 0.341* 0.086 0.919** 0.543* 0.808** 0.489* 0.279* 0.999** 0.991** 1.000** 1
NBT 0.992** 0.752** 0.278* 0.020 0.943** 0.598* 0.845** 0.430* 0.342* 1.000** 0.998** 0.999** 0.998** 1

Values are the mean of triplicate determination.
*p < 0.05.
**p < 0.01.
Abbreviations: Carbo: carbohydrate, d-Gala: d-galactose, DPPH: 2,2-diphenyl-1-picrylhydrazyl, l-Gala: l-galactose, NBT: nitrotetrazolium blue, OH: hydroxyl,
TAC: total antioxidant capacity.

TABLE 3 Antibacterial activity of Halamphora sp. crude exopolysaccharides (CH-EPS).

Inhibition zone diameter (mm)

Bacteria strains CH-EPS Ampicillin

Gram+ Listeria ivanovii (BUG 496) 10 ± 0.4 25 ± 0.1
Bacillus amyloliquefaciens (FZB 425) 12 ± 0.4 19 ± 0.2
Staphylococcus aureus (ATCC 6538) 11 ± 0.2 20 ± 0.3

Gram− Pseudomonas aeruginosa (ATCC 9027) 7.6 ± 0.3 22 ± 0.4
Escherichia coli (ATCC 8739) 8 ± 0.1 25 ± 0.2
Salmonella enterica (CIP 8039) 7 ± 0.3 14 ± 0.2

Values are mean ± SD of triplicate determination. According to CLSI (2020), all bacteria strains are resistant to CH-EPS.

TABLE 4 Docking scores of the interaction of apoptotic proteins
with l-galactose and xylose.

Docking score (kcal/mol)

Ligand PubChem ID Caspase_3 BCL-2 Bax

l-galactose 84996 −5.85 −5.56 −5.8
Xylose 135191 −6.9 −4.50 −4.5

lipid contents were low and did not exceed 0.15 ± 0.02% and
0.24 ± 0.006 of CH-EPS, respectively. The protein content of the
EPS isolated from various planktonic diatoms ranged from 0% to
30% [18]. The lowest protein content in CH-EPS can be due to

the hot water extraction method leading to the denaturation of
almost all proteins. Our results corroborate several studies that
stated that carbohydrates are the main components of EPS and
that proteins are a minor fraction in the diatoms Cylindrotheca
closterium,Navicula salinarum, and Amphora [52, 53]. According
to the literature, the lipid content of polysaccharides extracted
from microalgae is generally below 4% and it depends on several
factors, such as climate, stage development of cells, and their
geographic location [49, 58]. We assumed that EPS extracted from
Halamphora sp. was highly pure. In addition, sulfate groups and
uronic acids contributed to 7.56 ± 0.86% and 5.44 ± 0.08% of the
CH-EPS, respectively. EPS polymers synthesized under extreme
environmental conditions tended to exhibit higher complexity,
characterized by increased uronic acid and sulfate content. [16]
The uronic acids have been recorded in diatoms Cylindrotheca
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TABLE 5 Protein residues generated H-bonds of the interaction between caspase 3 and ligands.

Complex Index Residue AA
Distance
H–A

Distance
D–A

Donor
angle

Donor
atom

Acceptor
atom

Caspase_3 and
l-galactose

1 64A ARG 2.38 3.3 154.71 458 [Ng+] 3872 [O2]
2 64A ARG 1.94 2.89 154.1 461 [Ng+] 3872 [O2]
3 121A HIS 2.12 3.01 152.06 3867 [O3] 1409 [Nar]
4 121A HIS 2.77 3.7 163.1 3870 [O3] 1409 [Nar]
5 161A GLN 2.22 3.2 160.29 2052 [Nam] 3872 [O2]
6 163A CYS 2.85 3.59 130.87 2071 [Nam] 3868 [O3]
7 163A CYS 2.68 3.46 137.76 3868 [O3] 2076 [S3]
8 205B SER 2.06 2.97 156.89 3869 [O3] 2650 [O2]
9 207B ARG 2.16 3.08 147.86 2689 [Ng+] 3872 [O2]
10 207B ARG 1.81 2.82 170.04 2692 [Ng+] 3870 [O3]

Caspase_3 and
xylose

1 207B ARG 2.04 2.9 150.97 3868 [O3] 2685 [O2]
2 208B ASN 2.72 3.58 143.14 2713 [Nam] 3871 [O3]
3 214B TRP 2.1 3.05 157.4 2791 [Nar] 3871 [O3]
4 250B PHE 2.17 3.04 143.75 3395 [Nam] 3870 [O3]
5 250B PHE 1.86 2.65 139.96 3870 [O3] 3398 [O2]

Abbreviations: AA: amino acids, ARG: arginine, ASN: asparagine, CYS: cysteine, GLN: glutamine, HIS: histidine, PHE: phenylalanine, SER: serine, TRP:
tryptophan.

TABLE 6 Protein residues generated H-bonds of the interaction of Bax and ligands.

Index Residue AA
Distance
H–A

Distance
D–A

Donor
angle

Donor
atom

Acceptor
atom

Bax and
l-galactose

1 32A GLN 2 2.95 166.1 9146 [O3] 734 [O3]
2 34A ASP 3.11 3.88 137.92 777 [O3] 9148 [O2]
3 36A SER 2.25 3.13 145.41 853 [N3+] 9146 [O3]
4 37A TYR 0.58 1.52 160.89 9143 [O3] 871 [N3]
5 38A LYS 2.89 3.51 119.83 916 [N3] 9143 [O3]
6 39A GLY 2.21 3.17 158.89 956 [N3] 9144 [O3]
7 45A LEU 2.89 3.86 176.99 9145 [O3] 1126 [O2]
8 103A ASP 1.69 2.66 176 9135 [O3] 3187 [O.Co2]
9 107A ARG 2.92 3.53 119.18 3385 [Ng+] 9135 [O3]
10 119A LYS 2.94 3.57 121.18 4023 [N3+] 9134 [O3]
11 176A TRP 2.85 3.2 102.28 6695 [O3] 9147 [O3]
12 180A TYR 1.85 2.75 152.63 9147 [O3] 6841 [N1]
13 184A HIS 3.08 3.98 147.77 7012 [N3] 9143 [O3]
14 277B HIS 3.21 4.09 147.32 9108 [Npl] 9147 [O3]

Bax and xylose 1 32A GLN 2.09 2.9 141.05 2803 [O3] 269 [O2]
2 32A GLN 1.94 2.86 160.2 2804 [O3] 269 [O2]
3 39A GLY 3.46 4.08 123.59 2806 [O3] 376 [O2]
4 39A GLY 2.93 3.41 109.94 373 [Nam] 2804 [O3]
5 44A GLU 1.78 2.75 169.16 2805 [O3] 434 [O.Co2]
6 45A LEU 2.91 3.84 152.33 441 [Nam] 2802 [O3]

Abbreviations: AA: amino acids, ARG: arginine, ASP: aspartic acid, GLN: glutamine, GLU: glutamic acid, GLY: glycine, HIS: histidine, LEU: leucine, LYS: lysine,
SER: serine, TRP: tryptophan, TYR: tyrosine.

10 of 16 Analytical Science Advances, 2024



FIGURE 6 3D and 2Dmolecular docking of the Caspase 3 ligands. A1 and B1 represent the 3D structures of protein (gray) and ligands (l-galactose
and xylose, respectively) in green, white, and red colors in the center, and the dashed green line represents the hydrogen bond. A2 and B2 represent the
2D interaction protein residues and ligands (l-galactose and xylose, respectively) in black, and hydrogen bonds are indicated by purple arrows.

closterium, Navicula salinarum, N. subinflata, Craspedosauros
australis, and Pinnularia viridis reporting that the uronic acids
and sulfated groups can confer free radical scavenging abilities
[52, 55, 59–61].

Our GC‒MS findings were similar to the monosaccharide com-
position of EPS from other diatoms [14]. The composition of
EPS monosaccharides can change significantly depending on
the extraction method, strains, species, and growth conditions
[62]. The composition of CH-EPS in monosaccharides partially
falls on the list of standard diatom monosaccharides [14]. EPS
fromdiatoms has twomain compositional characteristics: (1) they
are composed of heteropolysaccharides, which may be sulfated
[63], and (2) they contain rhamnose, fucose, galactose, glucose,
mannose, xylose, and/or uronic acids and arabinose in smaller
amounts [25].

The FTIR spectrum displays a broad absorption peak at
3430.0 cm−1 characteristic of OH groups and weak bands at

2924.0 and 2857.3 cm−1, which have been attributed to CH
stretches [64]. C═O symmetric stretches were verified by a
high peak at 1629.6 cm−1 [65]. The 1415.2 cm−1 peak repre-
sented the characteristic absorbance of C─H bands, while the
1152.6 cm−1 power band suggested that the characteristic sugar
fractions had a pyranose configuration [25]. The significant peaks
were recorded at 1374.3 and 1350.07 cm−1, corresponding to
the bending and stretching vibrations of ester sulfate groups
(S═O) [62, 63].

Furthermore, the slight characteristic absorptions at 800.0–
927.0 cm−1 may indicate the presence of α-linked and β-linked
glycosyl groups in the main chain [66]. NMR spectroscopy is a
nondestructive analysis that provides important information for
the structural characterization of algal polysaccharides [64]. 13C
NMR shows that our polysaccharide CH-EPS is a sulfated type of
exopolysaccharide (α-l-galactose-6-sulfate at δ 102.9). The 1H and
13C NMR data support the findings of chromatography analysis,
indicating the existence of specific monosaccharides, including
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FIGURE 7 3D and 2D molecular docking of Bax and ligands. A1 and B1 represent the 3D structures of protein (gray) and ligands (l-galactose and
xylose, respectively) in green, white, and red colors in the center, and the dashed green line represents the hydrogen bond. A2 and B2 represent the 2D
interaction protein residues and ligands (l-galactose and xylose, respectively) in black, and hydrogen bonds are indicated by purple arrows.

glucose and β-d-galactose. The anomeric region of 13CNMR(δ 99–
105) exhibits three principal signals, assigned from the literature
data as C-1 of β-d-galactose linked to α-l-galactose-6-sulfate at
δ 102.9; C-1 of α-l-galactose-6-sulfate unit at δ 99.7 and C-1 of
3,6-α-l-anhydrogalactose at δ 99.6 [63, 67] Due to the complexity
of the polysaccharides structure, only certain structural groups
were identified using FTIR and 13C NMR spectroscopy. Further
study using two-dimensional NMR is required to determine the
accurate and detailed structure of CH-EPS.

Our results show that CH-EPS had a high antioxidant activity
(TAC) as a reducing agent because several authors reported that
9.2 mg vitamin C equivalent/g of sample (close to our TAC value
of 8.63 mg vitamin C equivalent/g of sample) corresponds to a
high antioxidant activity [68]. The results for various concentra-
tions showed that CH-EPS had a moderate DPPH free radical
scavenging activity of about 42.52 ± 1.37%, lower than that of
VitaminC. In a previous study, an aqueous extract of extracellular

polysaccharides from Chlorella vulgaris demonstrated an activity
reaching 100% radical inclusion in the DPPH test [69]. Our
data revealed a difference in the results, which can be largely
attributed to the chemical composition of the extract for each
EPS. In fact, the aqueous extract of Chlorella vulgaris EPS was
rich in phenolic compounds, whereas that ofHalamphora sp. was
abundant in sulfated carbohydrates.

Hydroxyl radicals can be a product of the immune response and
are therefore short-lived. These free radicals are highly reactive
and can easily penetrate the cell membrane at certain sites, react
with most biological macromolecules, such as carbohydrates,
nucleic acids, lipids, and amino acids, and cause harm to human
health. Therefore, it is crucial to remove excess hydroxyl radicals
[70]. This suggests that CH-EPS could be considered a strong
inhibitor of OH˙ radicals. This activity may be due to the sulfate
and uronic acid content, as reported by previous studies [71, 72].
However, our CH-EPS is a poor scavenger of superoxide radicals
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FIGURE 8 3D and 2D molecular docking of Bcl-2 and ligands. A1 and B1 represent the 3D structures of protein (gray) and ligands (l-galactose
and xylose, respectively) in green, white, and red in the center, and the dashed green line represents the hydrogen bond. A2 and B2 represent the 2D
interaction protein residues and ligands (l-galactose and xylose, respectively) in black, and hydrogen bonds are indicated by purple arrows.

compared to that of vitamin C. Numerous studies have shown
that the ability to scavenge superoxide radicals depends on the
sulfate content [71, 73]. While the sulfate content on the CH-
EPS was high (7.56% of DW, Table 1), the maximum braking
value did not exceed 30.52% ± 3.37%. Costa et al. [74] suggested
that the scavenging ability of superoxide anions depends more
on the spatial arrangement of the sulfated groups than on the
sulfate content. Among the polysaccharides of microalgae, EPS
has become interesting due to its bioactive properties. Acidic
compounds, along with sulfate and carboxyl groups, contribute
to the anionic character of polysaccharides, which in turn
influences their diverse biological activities [75]. The antioxidant,
anti-inflammatory, anticancer, and antimicrobial properties of
polysaccharides contribute to their use in several fields. Partic-
ularly, the monosaccharides arabinose, rhamnose, and galactose
which are associated with antioxidant activities [49, 76] In our

study, the highest TAC of CH-EPS was attributed mainly to
the scavenging effects on hydroxyl radicals, probably due to the
uronic acid, sulfated group, L andd-galactose, and xylose content.

Researchers are actively seeking natural antimicrobial agents as
alternatives for combating infectious illnesses. Recent studies
conducted on variousmarinemicroorganismshave demonstrated
their antibacterial properties, attributed to the presence of diverse
bioactive components [77, 78]. This study revealed that CH-EPS
displayed inhibitory effects on the growth of several bacterial
strains. Indeed, the crude extract showed moderate activity
against Gram-positive bacteria such as Listeria ivanovii (BUG
496), Bacillus amyloliquefaciens (FZB 425), and Staphylococcus
aureus (ATCC6538). However, the antimicrobial activity of CH-
EPS exhibited a weaker activity against Gram (‒) bacteria such
as Pseudomonas aeruginosa (ATCC 9027) and Salmonella enterica
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(CIP 8039), with zones of 7 and 7.6 mm, respectively. Our findings
corroborate with those of Mashjoor et al. [79], who reported that
Gram-positive bacteria are more sensitive to marine polysaccha-
ride extracts than Gram-negative bacteria. The observed greater
effect of Halamphora sp. on Gram-positive bacteria may be
due to the absence of an outer phospholipid membrane. This
latter present in Gram-negative bacteria, limits the diffusion of
hydrophobic compounds through their lipopolysaccharides enve-
lope, leading to the leakage of essential intracellular components
and the alteration of bacterial enzyme systems [80]. Our study
provides additional molecular-level insights into the roles of CH-
EPS in Halamphora sp., particularly highlighting their functions
as reactive oxygen species chelators and antibacterial agents.

According to molecular docking studies, xylose exhibits the best
docking score with caspase 3, which could be used as a possible
inhibitor. This finding is supported by the presence of a high
number of strong hydrogen and hydrophobic bonds. As a result
of the interaction of xylose and caspase 3, the interaction blocked
the conserved and essential residues of the active site of caspase 3
(Arg207, Arg64, and Ser205) [81]. Similarly, xylose blocked some
of these essential residues. Additionally, l-galactose showed a
favorable docking score with caspase 3 and Bax protein. The key
residue (ASP 103) of Bcl-2 [82] is blocked by two strong hydrogen
bonds as a result of the interaction of xylose, which could result
in the loss of the activity of this protein.

5 Conclusions

The present study was performed to partially characterize the
crude aqueous extracellular polysaccharides of Tunisian diatom
Halamphora sp. SB1MK575516.1 and to investigate its antioxi-
dant, antibacterial antiapoptotic properties. The results obtained
by FTIR, GC‒MS, and NMR analyses showed that CH-EPS
was an extracellular polysaccharide composed of xylose, l-
galactose, d-galactose, glucose, ribitol, mannose, and inositol.
The CH-EPS extracted from Halamphora sp. demonstrated high
in vitro values for total antioxidant capacity and hydroxyl
radical scavenging activity. These high antioxidant properties
were probably due to the high content of exopolysaccharides
extract, L and D galactose, ribitol, and uronic acid. In addition,
CH-EPS showed moderate antibacterial activity, especially on
Gram-positive strains. The binding affinity with pro-apoptotic
proteins such as caspase 3 showed the antiapoptotic capacity
of this crude aqueous extracellular polysaccharides of Tunisian
brown microalga in Halamphora sp. Our results strongly suggest
that CH-EPS has the potential to be a promising new agent
with antioxidant, antibacterial, and antiapoptotic properties.
However, further research is needed to refine extraction and
purification methods and to thoroughly evaluate its biological
functions.
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