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Abstract: In this study, the novel exopolysaccharide (EPS) produced by the marine bacterium Al-
teromonas macleodii Mo 169 was used as a stabilizer and capping agent in the preparation of selenium
nanoparticles (SeNPs). The synthesized nanoparticles were well dispersed and spherical with an
average particle size of 32 nm. The cytotoxicity of the EPS and the EPS/SeNPs bio-nanocomposite
was investigated on human keratinocyte (HaCaT) and fibroblast (CCD-1079Sk) cell lines. No cyto-
toxicity was found for the EPS alone for concentrations up to 1 g L−1. A cytotoxic effect was only
noticed for the bio-nanocomposite at the highest concentrations tested (0.5 and 1 g L−1). In vitro
experiments demonstrated that non-cytotoxic concentrations of the EPS/SeNPs bio-nanocomposite
had a significant cellular antioxidant effect on the HaCaT cell line by reducing ROS levels up to 33.8%.
These findings demonstrated that the A. macleodii Mo 169 EPS can be efficiently used as a stabilizer
and surface coating to produce a SeNP-based bio-nanocomposite with improved antioxidant activity.

Keywords: Alteromonas macleodii Mo 169; exopolysaccharide (EPS); selenium nanoparticles (SeNP);
bioactive material; blue biotechnology

1. Introduction

Selenium (Se) is an essential trace mineral for biological functions, including the syn-
thesis of selenoenzymes capable of regulating important physiological functions of the
human body [1]. Se is present in the selenocysteine residue (SEC) of various antioxidant
enzymes (e.g., glutathione peroxidase (GPX), thioredoxin reductase (TXNRD), and seleno-
protein P(SELENOP)), and acts as their redox center, being essential for their activity [2].
These antioxidant enzymes can effectively protect the membrane structures of organisms
from oxidative damage [3]. Apart from its antioxidant activity, Se intake has several health
benefits, including the regulation of the thyroid hormone metabolism, an anticancer effect
(mainly chemopreventive), and the modulation of the immune system response in inflam-
matory disorders (e.g., diabetes, bone toxicity, colitis, and drug-induced toxicity) [1,2].
Nonetheless, Se’s biological activity strongly depends on its chemical form and the ab-
sorbed dose [4]. With most European agricultural soils being classified as having low Se
concentrations [5], sodium selenite (Na2SeO3), sodium selenate (Na2SeO4), or selenome-
thionine (SeMet) are commonly found as Se sources in food supplements [4]. However,
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inorganic Se and most organic Se compounds can be toxic at higher concentrations; thus,
there is a very narrow therapeutic window between effective beneficial doses and toxic
levels [3,4]. Therefore, there is a need for new Se compounds that are biocompatible with
efficient bioactivities. In response to this issue, nanosized selenium particles (SeNPs) have
been explored since they can dramatically reduce the toxicological concerns associated with
Se [2,6]. Additionally, SeNPs exhibited improved bioavailability but also pharmacological
activities with anticancer, anti-microbial, and antioxidant capacities [1,2,7]. Nonetheless,
their clinical applications have some limitations since SeNPs are unstable and tend to
aggregate and precipitate [1,7,8]. Another major drawback of SeNPs’ application is their
poor cellular intake [2].

Natural polysaccharides have emerged as an attractive solution to solve these prob-
lems [1,9]. In addition to being considered generally safe, these high molecular weight
polymers can be used as soft template regulators to control crystal nucleation and growth
during SeNPs’ synthesis, resulting in nanoparticles with an ideal particle size and mor-
phology [1,3]. Additionally, the conjugation of SeNPs with polysaccharides improves the
efficiency of the interaction between the SeNPs and the target cells, since protein adsorption
is prevented by the polysaccharides’ hydrophilic groups [1]. Several studies have demon-
strated the therapeutic potential of SeNPs coated with natural polysaccharides. For instance,
SeNPs decorated with the exopolysaccharide produced by Cordyceps sinensis exhibited a
protective effect against oxidative stress in HepG2 cells by increasing cell viability, restoring
cell and nucleus morphology, and reducing lactate dehydrogenase levels [7]. Another ex-
ample are the Grateloupia Livida polysaccharide-functionalized SeNPs, which demonstrated
significant scavenging capacity, low oral acute toxicity, and selective cytotoxicity towards
various human cancer cell lines but not towards normal cells [10]. Additionally, the SeNPs
coated with Gracilaria lemaneiformis polysaccharide showed an anti-glioblastoma activity
superior to that of the NPs alone. The G. lemaneiformis polysaccharide improved the SeNPs’
cellular uptake and the specific binding to the αv-β3 integrin receptors overexpressed on
U87 glioma cells [11].

Characterized by unique ecological features, marine environments are a rich source
of novel polysaccharides with unusual chemical compositions and structural character-
istics, such as those found in the exopolysaccharides (EPS) produced by marine bac-
teria [12,13]. These EPS of marine origin often exhibit interesting properties, including
excellent biocompatibility and biodegradability, anti-microbial, immunomodulatory, antiox-
idant, and wound-healing abilities, and the capacity to form structures such as hydrogels
and films [14,15]. Thus, the EPS produced by marine bacteria might be of value for the
development of therapeutic products based on SeNPs.

Recently, the EPS produced by the marine bacterium Alteromonas macleodii Mo169,
composed of two high molecular weight fractions (1.6 and 4.6 MDa), was characterized
and investigated as a biomaterial for biotechnological applications [15]. The EPS had a
high anionic character as it was mainly composed of glucuronic acid (GlcA, 39.3 mol%),
with a minor content in mannose (Man, 12.8 mol%), glucose (Glc, 11.2 mol%), galacturonic
acid (GalA, 10.4 mol%), galactose (Gal, 4.0 mol%), and glucosamine (GlcN, 2.4 mol%) [16].
Acyl substituents, namely sulfate (5.3 wt.%), lactate (0.63 wt.%), and pyruvate (0.063 wt.%),
were also detected in the EPS’ composition [16]. GlcA, Man, Glc, and Gal were present as
(1→ 4)-linked residues, with ramifications or substitutions at positions 2 and/or 3 [16]. Its
capacity to form films and gels along with its interesting rheological properties suggested
that the EPS might be a suitable thickening or structuring agent in tissue engineering,
wound management, or drug delivery applications [15,16]. Based on its high anionic
character and high viscosity, A. macleodii Mo 169 EPS might have the potential to be used
as a stabilizer and dispersing agent in the preparation of stable and uniform SeNPs [8],
which was assessed in this study. The size and morphology of the obtained SeNPs were
evaluated and the EPS/SeNPs bio-nanocomposite was characterized in terms of their
morphology, size, zeta potential, and selenium concentration. Besides, the biocompatibility
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and antioxidant ability of the synthesized bio-nanocomposite were investigated through
in vitro assays.

2. Materials and Methods
2.1. Materials

The EPS was produced by Alteromonas macleodii Mo 169 (CNCM I-5374) in a 1 L
fermenter, as previously described [15]. The EPS was recovered by high-speed cen-
trifugation (20,000× g, 2 h, 25 ◦C) and purified by ultrafiltration, concentrated, and
lyophilized [15]. Sodium selenite (Na2SeO3) (≥95.0%) and ascorbic acid were obtained
from Sigma-Aldrich(Dorset, UK).

2.2. Preparation of the Bio-Nanocomposites

The SeNPs were synthesized according to the procedure described by Yan et al. [17],
with minor modifications. A 2 g L−1 EPS solution was prepared (5 mL), and the pH
was adjusted to ~8 with NaOH (0.1 M). Control samples were prepared using deionized
water instead of the EPS solution. A quantity of 500 µL of a 100 mM Na2SeO3 stock
solution was added to the EPS or control solutions, to achieve a Se4+ concentration of
10 mM. After stirring, 1 mL of an ascorbic acid solution (200 mM) was added to the
tubes, followed by incubation at room temperature, for 1 h, protected from the light. SeNPs’
formation was noticed by the appearance of a red color, which was confirmed by UV–visible
spectra measurements (CamSpec M509T spectrophotometer) in the wavelength range of
200–800 nm. After NPs’ synthesis, the EPS/NPs bio-nanocomposites were dialyzed using a
12 kDa MWCO (molecular weight cut-off) membrane (ZelluTrans/Roth) against deionized
water, for 48 h. The purified bio-nanocomposite was maintained at 4 ◦C or lyophilized for
further analysis. The reactions were performed in triplicates.

2.3. Characterization of the Bio-Nanocomposites

The selenium content in the bio-nanocomposite was determined by Inductively Cou-
pled Plasma–Atomic Emission Spectroscopy (ICP-AES) (Ultima, Horiba Jobin-Yvon, France,
equipped with a 40.68 MHz RF generator, Czerny–Turner monochromator with 1.00 m
(sequential) and autosampler AS500). The zeta potential measurements were performed
in a Zetasiser Nano ZS, model ZEN (Malvern Panalytical), adopting electrophoretic cells
(disposable folded hair cells; reference DTS1070) at 25 ◦C. Zeta potential was calculated
by adopting the Smoluchowski equation [18]. The particle size of the EPS/SeNPs bio-
nanocomposite (diluted 10 times) was determined by dynamic light scattering (DLS) using
Photocor equipment (helium–neon laser, 633 nm, 20 mW, 90 ◦C) and a Brookhaven BI9000
autocorrelator. All measurements were performed at least three times and the raw data
were analyzed with Dynals Software (SoftScientific, Tallinn, Estonia). Transmission electron
microscopy (TEM) (JEM 1400; JEOL Europe, Zaventem, Belgium) was employed for the
determination of the SeNPs’ morphology and size distribution, as described by Concórdio-
Reis et al. [18]. Fourier transform infrared (FT-IR) spectra of the samples were recorded
on a Perkin-Elmer Spectrum II spectrometer (Waltham, MA, USA) over 500–4500 cm−1

after 10 scans. X-ray diffraction (XRD) analysis was performed using a benchtop MiniFlex
II X-ray diffractometer from Rigaku (Tokyo, Japan) with a Cu X-ray tube (30 KV/15 mA).
The 2θ scans were performed from 10◦ to 60◦, with a step size of 0.01◦. Thermogravimetric
(TG) analysis was conducted using a Thermogravimetric Analyzer Labsys EVO (Setaram,
France), with a heating rate of 10 ◦C min−1, from 25 to 500 ◦C.

2.4. Biological Assays
2.4.1. Cell Cultures

Human immortalized keratinocyte cell line HaCaT, obtained from Deutsches Kreb-
sforschungszentrum (DFKZ, Heidelberg, Germany), and the human fibroblast cell line
CCD-1079Sk obtained from American Type Culture Collection (ATCC, Manassas, VA, USA)
were used in this study. HaCaT cells were cultured in Dulbecco’s Modified Eagle medium



Bioengineering 2023, 10, 193 4 of 13

(DMEM) supplemented with 10% (v/v) of heat-inactivated fetal bovine serum (FBS) and
1% (v/v) penicillin-streptomycin (PS). CCD-1079Sk cells were cultured in DMEM medium
supplemented with 10% (v/v) FBS and 1% (v/v) non-essential amino acids (NEAA). Cells
were maintained at 37 ◦C with 5% CO2, as described by Concórdio-Reis et al. [18].

2.4.2. Cytotoxicity Assays

The HaCaT and CCD-1079Sk cells were seeded into 96-well plates at a density of
4.5 × 105 cells mL−1 and 1.5 × 105 cells mL−1 and allowed to grow for 72 and 24 h, respec-
tively. Then, the cells were incubated with the EPS and the EPS/SeNPs bio-nanocomposite
diluted in the respective culture medium with 0.5% FBS (125–1000 mg L−1). Control experi-
ments were performed by incubating the cells with only a culture medium (0.5% FBS). After
24 h, the cells were washed once with PBS (Sigma-Aldrich, St. Louis, MO, USA) and the cell
viability was assessed through the CellTiter 96® AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI, USA), which contained MTS reagent. The optical density
was measured at 490 nm using a BioTek EPOCH2 Microplate Reader (BioTek Instruments,
Winooski, VT, USA) and cell viability was expressed in terms of the percentage of living
cells relatively to the control.

2.4.3. Cellular Antioxidant Activity

Cellular antioxidant assays were performed following previously described meth-
ods [19,20], with some modifications. HaCaT cells were seeded at a density of
1.4 × 105 cells cm−2 in 96 well plates and the formation of intracellular reactive oxygen
species (ROS) was monitored using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) as a
fluorescent probe. Then, 72 h after seeding, cells were washed with PBS and treated with
selected non-toxic concentrations (62.5 µg mL−1; 125 µg mL−1; 250 µg mL−1) of the sam-
ples and 25 µM DCFH-DA in PBS for 1 h. Subsequently, cells were washed again with
PBS and incubated with the stress inducer (600 µM AAPH in PBS) for 1 h. After that,
fluorescence was measured in a FL800 microplate fluorescence reader (Bio-Tek Instruments,
Winooski, VT, USA) (Ex/Em 485 ± 20/528 ± 20 nm). The results were expressed as ROS
percentage relative to the untreated control (cells treated with DCFH-DA and AAPH).
Three independent experiments were performed, each sample was measured in triplicate.

2.5. Data Analysis

Three independent experiments were performed in at least duplicate and the results
were expressed in terms of mean ± SD (standard deviation). When homogeneous variance
and a normal distribution of the data were verified, the results were analyzed by one-way
analysis of variance (ANOVA), followed by the Tukey or Bonferroni tests for multiple
comparisons. If the data were not normally distributed or in the case of heterogeneous
variances, the statistical analysis was performed by Student’s t-test. Differences resulting
in p < 0.05 were considered statistically significant. Adopting Lucia G Software, version
4.80 (Laboratory Imaging s.r.o–Nicon, Praha, Czech Republic), the equivalent diameter of
at least 1000 particles was analyzed in view to determine particle size distribution, mean
and corresponding percentiles: 10, 50, 90, and 99.

3. Results and Discussion
3.1. NPs Synthesis

For SeNPs’ synthesis, the EPS was investigated for the stabilization of the SeNPs, and
ascorbic acid was added to the mixture as a reducing agent. Ascorbic acid was previously
used as a reducing agent in the synthesis of SeNPs stabilized by C. sinensis fungus Cs-HK1
EPS [8], carboxylated curdlans [17], β-D-glucan [21], chitosan [22], arabinogalactans [9],
lectinan [23], gum Arabic [24], pectin [3], and by the polysaccharides of G. lemaneiformis [4],
G. Livida [10], Oudemansiella raphanipies [6], Lycium barbarum [25], and Catathelasma ventrico-
sum [26]. Within 1 h of incubation at room temperature with 10 mM of Se4+, the solution’s
color changed from colorless to light yellow and, finally, to red (Figure 1, insert), indicating
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the formation of amorphous or monoclinic SeNPs [8,9,17,25]. This alteration in color may
be ascribed to the excitation of surface plasmon resonance (SPR) of SeNP, resulting in
the SPR band observed in the UV-vis spectra of SeNPs (235 nm) (Figure 1). The SeNPs
synthesized by other polysaccharides presented a SPR band at a slightly higher wavelength
(260–273 nm) [3,4,17,21,25]. Nonetheless, differences in the absorption peak were reported
when the synthesis conditions were altered [8,9] and might be related to differences in
SeNPs’ crystallinity and particle size [9]. For instance, in the study that reported the use of
arabinogalactan as a stabilizer for SeNPs’ synthesis, an increase in SeO3

2− concentration
from 30 to 120 mM resulted in particles with higher dimensions, as well as an increase
in the intensity of the absorption band, and a shift in its position from 260 nm to higher
wavelengths was noticed [9]. Thus, it is expected that lower selenium concentrations, such
as the 10 mM used in this study, would result in SPR bands located at lower wavelengths.
Additionally, the study performed by Xiao et al. [8] using C. sinensis Cs-HK1 EPS for the
stabilization of the SeNPs showed that the ratio of selenium to EPS can also affect the
characteristics of the SPR band, including its intensity and width. An increase in the Se:
EPS ratio from 1:1 to 1:3 led to the formation of unstable large-sized SeNPs, characterized
by a broader SPR band with a peak at a higher wavelength (306 nm) [8].
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Figure 1. UV-vis absorption spectra and digital photography (insert) of the control (grey line) and
the SeNPs bio-nanocomposite prepared with the A. macleodii Mo 169 EPS (black line).

Although the control experiment without the addition of EPS also changed from
colorless to red, the presence of precipitates was noticed (Figure 1, insert). Similarly,
previous studies reported the formation of brown/black aggregates that precipitated after
Se4+ incubation with ascorbic acid in the absence of the stabilizer agent [8,9,17,25]. Bare
SeNPs are known to be highly unstable in aqueous solutions. Due to their high surface
energy, these NPs tend to form strong interparticle bonds that result in their aggregation
and precipitation [8,17,25]. Thus, adding natural polysaccharides, such as A. macleodii Mo
169 EPS, is essential for the synthesis of stable and well-dispersed SeNPs. In the presence of
the EPS, NPs’ synthesis occurred in the polysaccharide’s molecular microenvironment and
the EPS acts as a soft template to stabilize the SeNPs by controlling the crystal nucleation
and growth processes [1]. Moreover, the functional groups of the polysaccharide would
facilitate the interaction of the SeNPs with the target cells and their lipidic barriers [1].
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3.2. NPs Characterization
3.2.1. Composition

After purification by dialysis, the EPS/SeNPs bio-nanocomposite contained
183.8 mg L−1 of selenium. Nonetheless, the diffractogram of the bio-nanocomposite did
not present the typical Bragg peaks of crystalline selenium (Figure 2B). Only one large
band at about 20◦ was detected in both diffractograms (Figure 2), which can be attributed
to the polysaccharide’s amorphous nature. Similar results were observed in previous
reports [3,4,6,10,17,21,23]. Although the typical peaks of crystalline Se appear in the XRD
spectrum of the purified SeNPs, these disappeared in the presence of the polysaccharides
C. sinensis Cs-HK1 EPS [8] and carboxylated curdlan [17], and the bio-nanocomposites
showed the same pattern as the amorphous polysaccharide, suggesting that the SeNPs were
bound by the polysaccharide matrix, leading to the occurrence of amorphous SeNPs [8,17].

Bioengineering 2023, 10, x FOR PEER REVIEW 6 of 13 
 

and precipitation [8,17,25]. Thus, adding natural polysaccharides, such as A. macleodii Mo 
169 EPS, is essential for the synthesis of stable and well-dispersed SeNPs. In the presence 
of the EPS, NPs’ synthesis occurred in the polysaccharide’s molecular microenvironment 
and the EPS acts as a soft template to stabilize the SeNPs by controlling the crystal 
nucleation and growth processes [1]. Moreover, the functional groups of the 
polysaccharide would facilitate the interaction of the SeNPs with the target cells and their 
lipidic barriers [1]. 

3.2. NPs Characterization 
3.2.1. Composition 

After purification by dialysis, the EPS/SeNPs bio-nanocomposite contained 183.8 mg 
L−1 of selenium. Nonetheless, the diffractogram of the bio-nanocomposite did not present 
the typical Bragg peaks of crystalline selenium (Figure 2B). Only one large band at about 
20° was detected in both diffractograms (Figure 2), which can be attributed to the 
polysaccharide’s amorphous nature. Similar results were observed in previous reports 
[3,4,6,10,17,21,23]. Although the typical peaks of crystalline Se appear in the XRD 
spectrum of the purified SeNPs, these disappeared in the presence of the polysaccharides 
C. sinensis Cs-HK1 EPS [8] and carboxylated curdlan [17], and the bio-nanocomposites 
showed the same pattern as the amorphous polysaccharide, suggesting that the SeNPs 
were bound by the polysaccharide matrix, leading to the occurrence of amorphous SeNPs 
[8,17]. 

 
Figure 2. Diffractograms of A. macleodii Mo 169 EPS (A) and its EPS/SeNPs bio-nanocomposite (B). 

3.2.2. Colloidal Stability 
The colloidal stability of the synthesized EPS/SeNPs bio-nanocomposite was 

evaluated through the measurement of its zeta potential. The EPS/SeNPs bio-
nanocomposite presented a high negative zeta potential of −46.43 ± 1.36 mV. This high 
electrokinetic potential can easily explain this enhancement of the physicochemical 
stability of the colloidal suspension through ionic, or electrostatic, repulsion afforded by 
the anionic charges of EPS which has migrated on their surface [18,27]. This value was 
consistent with the values found in the literature for polysaccharide-stabilized SeNP, 
namely the polysaccharides from G. lemaneiformis (−47.1 mV) [4] and G. Livida (−46.77 mV) 
[10]. Smaller negative potential values were reported for SeNPs prepared with 
carboxylated curdlans (−17 to −28 mV) [17], O. raphanipies polysaccharide (−14.1 mV) [6], 
and L. barbarum polysaccharides (−37 mV) [25], which might be related to differences in 
composition (e.g., content in uronic acids) and molecular weight between polysaccharides 
[17,25]. 

3.2.3. SeNPs Morphology 
TEM micrographs of the purified EPS/SeNPs bio-nanocomposite showed that the 

synthesized SeNPs were monodispersed and homogenous spherical particles (Figure 3). 

Figure 2. Diffractograms of A. macleodii Mo 169 EPS (A) and its EPS/SeNPs bio-nanocomposite (B).

3.2.2. Colloidal Stability

The colloidal stability of the synthesized EPS/SeNPs bio-nanocomposite was evalu-
ated through the measurement of its zeta potential. The EPS/SeNPs bio-nanocomposite
presented a high negative zeta potential of −46.43 ± 1.36 mV. This high electrokinetic po-
tential can easily explain this enhancement of the physicochemical stability of the colloidal
suspension through ionic, or electrostatic, repulsion afforded by the anionic charges of EPS
which has migrated on their surface [18,27]. This value was consistent with the values
found in the literature for polysaccharide-stabilized SeNP, namely the polysaccharides
from G. lemaneiformis (−47.1 mV) [4] and G. Livida (−46.77 mV) [10]. Smaller negative
potential values were reported for SeNPs prepared with carboxylated curdlans (−17 to
−28 mV) [17], O. raphanipies polysaccharide (−14.1 mV) [6], and L. barbarum polysaccha-
rides (−37 mV) [25], which might be related to differences in composition (e.g., content in
uronic acids) and molecular weight between polysaccharides [17,25].

3.2.3. SeNPs Morphology

TEM micrographs of the purified EPS/SeNPs bio-nanocomposite showed that the
synthesized SeNPs were monodispersed and homogenous spherical particles (Figure 3).
Interestingly, a fainted sphere-like layer around the SeNPs was observed (Figure 3, insert).
This coating layer can be assigned to the EPS, suggesting that the high molecular weight
polysaccharide had an important role in the dispersion and stabilization of the SeNPs.
No SeNPs’ aggregates were noticed in the TEM images (Figure 3), which occurred in
the previous study where carboxyl curdlan Cur-4 was used as a stabilizer and capping
agent [17]. In that study, the authors concluded that the compact random coils that Cur-
4 exhibited might have limited the interaction between the polymer’s chains and the
SeNPs, envisaging the importance of chain conformation on SeNPs’ stability, size, and
morphology [17].



Bioengineering 2023, 10, 193 7 of 13

Bioengineering 2023, 10, x FOR PEER REVIEW 7 of 13 
 

Interestingly, a fainted sphere-like layer around the SeNPs was observed (Figure 3, insert). 
This coating layer can be assigned to the EPS, suggesting that the high molecular weight 
polysaccharide had an important role in the dispersion and stabilization of the SeNPs. No 
SeNPs’ aggregates were noticed in the TEM images (Figure 3), which occurred in the 
previous study where carboxyl curdlan Cur-4 was used as a stabilizer and capping agent 
[17]. In that study, the authors concluded that the compact random coils that Cur-4 
exhibited might have limited the interaction between the polymer’s chains and the SeNPs, 
envisaging the importance of chain conformation on SeNPs’ stability, size, and 
morphology [17]. 

 
Figure 3. TEM images of the bio-nanocomposite suspensions prepared with SeNPs stabilized by 
A. macleodii Mo169 EPS. 

3.2.4. SeNPs and Bio-Nanocomposite’s Size 
The particle size distribution of the SeNPs was homogenous, ranging from 22 to 76 

nm for percentile 50 and 90, respectively (Figure 4). With an average particle size of 32 
nm, the SeNPs’ size is within the range of values reported in the literature (Table 1). SeNPs 
with sizes ranging from 5 to 200 nm have shown improved protective properties in vitro 
and in vivo against the oxidative effects of free radicals [28,29], which indicated the 
potential antioxidant activity of the EPS/SeNPs bio-nanocomposite. 

 
Figure 4. Particle size distribution of the SeNPs prepared with A. macleodii Mo 169 EPS. 
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3.2.4. SeNPs and Bio-Nanocomposite’s Size

The particle size distribution of the SeNPs was homogenous, ranging from 22 to 76 nm
for percentile 50 and 90, respectively (Figure 4). With an average particle size of 32 nm, the
SeNPs’ size is within the range of values reported in the literature (Table 1). SeNPs with
sizes ranging from 5 to 200 nm have shown improved protective properties in vitro and
in vivo against the oxidative effects of free radicals [28,29], which indicated the potential
antioxidant activity of the EPS/SeNPs bio-nanocomposite.
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The mean hydrodynamic diameter of the colloidal SeNPs coated by the EPS was deter-
mined by DLS (Table 1). The EPS/SeNPs bio-nanocomposite had a diameter of 297 ± 4 nm,
a value significantly higher in comparison with that obtained in TEM (22–76 nm). Nonethe-
less, this difference in particle size was also previously reported for other EPS/NPs bio-
nanocomposites [4,8,10,30–34], and can be attributed to the differences in both techniques
(e.g., detection method or sample conditioning) [30]. Additionally, the hydrodynamic
diameter includes the hydration layer and polymer coating, thus resulting in larger val-
ues [10,17,34].

Table 1. Particle size of the SeNPs (determined by TEM analysis) prepared with different polysac-
charides and the respective polysaccharide/SeNPs bio-nanocomposites (determined by DLS) (PS,
polysaccharide; n.a., not available).

Polysaccharide
Size (nm)

Reference
TEM DLS

Alteromonas macleodii Mo 169 EPS 22–76/32 297 This study
Cordyceps sinensis Cs-HK1 EPS 50 n.a. [8]

Gracilaria lemaneiformis PS 83.6 93–138 [4]
Grateloupia livida PS 100 115 [10]

Larix principis-rupprechtii PS n.a. 94–173 [9]
Lycium barbarum PS n.a. 105 [25]

Oudemansiella raphanipies PS 60 n.a. [6]
Carboxylated curdlan 56–65 118–243 [17]

Gum Arabic 34.9 145–170 [24]
Lectinan 33–52 100 [23]

Pectin 41 n.a. [3]

Nonetheless, in this study, the SeNPs stabilized by A. macleodii Mo 169 EPS presented
a higher value (297 ± 4 nm) compared with those reported in the literature (Table 1).
As examples, those prepared with the galactose-rich polysaccharides of G. lemaneiformis
(92.5–137.7 nm) [4] and G. Livida (115.4 nm) [10], Larix principis-rupprechtii arabinogalac-
tans (94.24–173.2 nm) [9], lectinan (100 nm) [23], gum Arabic (145–170 nm) [24], and
the L. barbarum polysaccharide composed of arabinose, xylose, glucose, and galactose
(105.4 nm) [25]. Interestingly, all these polysaccharides presented a lower Mw
(0.092–18.4 kDa) than that found for A. macleodii Mo 169 EPS (1.6 and 4.6 MDa) [15]. The
closest value was found for SeNPs prepared with carboxylated curdlan Cur-4 with a Mw
of 0.57 MDa (243.4 nm) [17], suggesting that the large Mw of A. macleodii Mo 169 EPS could
cause the larger particle size of the EPS/SeNPs bio-nanocomposite.

3.2.5. EPS-NPs Interaction

FTIR analysis was carried out to investigate the surface functional groups of the
A. macleodii Mo169 EPS involved in the stabilization of the SeNPs. An alteration in the
shape and intensity of the band found between 3000 and 3500 cm−1, which corresponds
to the stretching frequencies of hydroxyl groups (O-H) [9,15,32], was found in the bio-
nanocomposite in comparison with the EPS alone (Figure 5). A shift to a lower wavenumber
was noticed in the peak of the stretching vibration of C-H that appeared at 2925 cm−1 in
the EPS (Figure 5A) [9,17]. Significant alterations were found in the adsorption region
characteristic of the C=O asymmetric (1596 cm−1) and symmetric (1300–1450 cm−1) stretch-
ing vibrations of the carboxylates from the uronic acids [15,35], which suggests that these
groups played an important role in the stabilization of the SeNPs. Additionally, alterations
were noticed in the region of 1722 cm−1 assigned to the C=O stretching of the acyl sub-
stituents [18]. These results revealed the importance of hydroxyl and carboxylate groups
in the stabilization of the SeNPs. In previous studies, SeNPs’ aggregation seemed to be
avoided through the interactions between the NPs and the hydroxyl groups of different
polysaccharides, including lectinan [23], arabinogalactan [9], pectin [3], gum Arabic [24],
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curdlan [17], and C. sinensis EPS [8], and L. barbarum [25], and Lignosus rhinocerotis [21]
polysaccharides. In addition to the hydroxyl groups, the imino groups of G. Livida and
G. lemaneiformis polysaccharides also seemed to be involved in SeNPs’ stabilization [4,10].
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3.3. Biological Assays
3.3.1. Assessment of Cytotoxicity

The EPS and EPS/SeNPs bio-nanocomposite biocompatibility was investigated on
human skin cell lines, namely CCD-1079Sk fibroblasts (Figure 6A) and HaCaT keratinocytes
(Figure 6B). As described in ISO 10993-5, a cytotoxic effect was considered when cell
viability decreased below 70%. As presented in Figure 6, the EPS alone did not show
any cytotoxic effect on either cell line for concentrations up to 1000 mg L−1, indicating
its biocompatibility. Regarding the cytotoxicity of the EPS/SeNPs bio-nanocomposite,
concentrations of 500 mg L−1 (containing 47 mgSe L−1) and 1000 mg L−1 (containing
92 mgSe L−1) were cytotoxic, causing a reduction in CCD-1079Sk and HaCaT cell viability
superior to 55% (Figure 6A) and 89% (Figure 6B), respectively. Nonetheless, in the presence
of 125 mg L−1 and 250 mg L−1 of EPS/SeNPs bio-nanocomposite (11 mgSe L−1 and
23 mgSe L−1, respectively), no cytotoxic effect was considered since cell viability of both
cell lines exceeded 87 ± 15% (Figure 6). Similar results were obtained by other authors
for SeNPs (83.6 nm) coated with G. lemaneiformis polysaccharides, where RAW 264.7 cells’
viability was maintained above 77% for concentrations up to 20 mgSe L−1 [4]. Moreover, in
another study, RWPE-1 cells maintained their viability in the presence of 400 mg L−1 of
pectin-coated SeNPs [3], a concentration superior to that found in this study (250 mg L−1).
In addition to the differences in cell lines’ sensitivity towards metals [18], the size of
those SeNPs was superior (41 nm, compared with 32 nm for A. macleodii Mo 169 EPS),
and the content in Se of the bio-nanocomposite might also be different, resulting in the
differences observed.
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3.3.2. Evaluation of Cellular Antioxidant Activity

Free radicals such as reactive oxygen species (ROS) can cause oxidative stress in essen-
tial cellular structures of living organisms, leading to altered functionality [19,36]. Many
oxidative stress-related diseases, such as cardiovascular and immunity diseases, type-II di-
abetes, cancer, or aging, are related to the accumulation of excessive ROS [7]. Antioxidants,
by reducing the level of ROS, can be effective in the protection of the cells against oxidative
stress [7]. The capacity of the A. macleodii Mo 169 EPS and its SeNPs bio-nanocomposite
to reduce AAPH-induced ROS production in HaCaT cells was evaluated (Figure 7). The
EPS alone did not reduce ROS generation at a cellular level. Nonetheless, EPS/SeNPs bio-
nanocomposite concentrations of 125 mg L−1 (11 mgSe L−1) and 250 mg L−1 (23 mgSe L−1)
significantly reduced ROS production (p≤ 0.001) by 25.9% and 33.8% (Figure 7), suggesting
a dose-dependent cellular antioxidant capacity. Comparable results were reported in the
literature for other SeNPs-containing bio-nanocomposites. For instance, ROS production
in H2O2-induced HepG2 cells was also significantly decreased in the presence of SeNPs
coated with C. sinensis EPS [7]. In that study, the inhibition of ROS production seemed
to occur in a dose-dependent matter and was more intense as the SeNPs’ size decreased
from 150 to 50 nm [7]. In addition, SeNPs capped with Bacillus paralicheniformis SR14 EPS
were more efficient in reducing the H2O2-induced ROS production by IPEC-J2 cells than
chemically synthesized SeNPs [37], suggesting that the polysaccharide coating might be
beneficial for the antioxidant activity.
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tion seemed to occur in a dose-dependent matter and was more intense as the SeNPs’ size 
decreased from 150 to 50 nm [7]. In addition, SeNPs capped with Bacillus paralicheniformis 
SR14 EPS were more efficient in reducing the H2O2-induced ROS production by IPEC-J2 
cells than chemically synthesized SeNPs [37], suggesting that the polysaccharide coating 
might be beneficial for the antioxidant activity. 

) on the inhibition of AAPH-induced ROS production in HaCaT cells. Control
experiments (
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) were performed by incubating the cells only with AAPH. Statistically significant
differences comparing samples with the negative control were calculated according to the t-test
(***, p ≤ 0.001, **** p ≤ 0.0001).

4. Conclusions

The present study showed that the exopolysaccharide produced by the marine bac-
terium A. macleodii Mo169 can be used as a stabilizer and dispersing agent in the formation
of SeNPs via the redox system of selenite and ascorbic acid. The synthesized SeNPs had
an average particle size of 32 nm and were coated with the polysaccharide, forming a
bio-nanocomposite with 297 nm. Thanks to the EPS’s high content in negatively charged
functional groups (i.e., carboxylic) and substituents (i.e., pyruvate, sulfate, and lactate),
the synthesized SeNPs were stable and well dispersed in the solution. Additionally, the
biocompatibility and cellular antioxidant potential of the synthesized EPS/SeNPs bio-
nanocomposite was investigated. The SeNPs coated with the EPS had a low cytotoxicity
towards CCD-1079Sk fibroblasts and HaCaT keratinocytes, since with concentrations up
to 250 mg L−1 (containing 23 mgSe L−1), high cell viability was maintained. Moreover,
the bio-nanocomposite exhibited cellular antioxidant capacity in vitro for concentrations
above 125 mg L−1 (11 mgSe L−1). These results suggest that the EPS was suitable for the
stabilization of SeNPs and can have a future in the development of novel biomaterials or for-
mulations with therapeutic applications. In this study, the potential of marine biopolymers
in nanotechnology and biomedical applications is also evidenced.

Author Contributions: Conceptualization, P.C.-R. and F.F.; methodology, P.C.-R., A.C.M., M.C., X.M.
and C.S.; formal analysis, P.C.-R., A.C.M., M.C., A.T.S. and C.S.; investigation, P.C.-R., A.C.M., M.C.
and C.S.; writing—original draft preparation, P.C.-R.; writing—review and editing, A.T.S., J.G., C.G.
and F.F.; supervision, A.T.S., C.G. and F.F.; funding acquisition, A.T.S. and F.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was financed by national funds from FCT—Fundação para a Ciência e a Tec-
nologia, I.P., in the scope of the projects UIDP/04378/2020 and UIDB/04378/2020 of the Research
Unit on Applied Molecular Biosciences—UCIBIO and project LA/P/0140/202019 of the Associate
Laboratory Institute for Health and Bioeconomy—i4HB. iNOVA4Health—UIDB/04462/2020 and
UIDP/04462/2020, and the Associate Laboratories LS4FUTURE (LA/P/0087/2020) are also ac-
knowledged. Funding from the INTERFACE Programme, through the Innovation, Technology and
Circular Economy Fund (FITEC), is gratefully acknowledged. Patrícia Concórdio-Reis acknowledges
FCT/MCTES for PhD grant SFRH/BD/131947/2017. ATS also acknowledges FCT/MCTES for the
Individual Grant CEEC-IND/04801/2017.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be provided upon request.

Conflicts of Interest: The authors declare no conflict of interest.



Bioengineering 2023, 10, 193 12 of 13

References
1. Li, J.; Shen, B.; Nie, S.; Duan, Z.; Chen, K. A Combination of Selenium and Polysaccharides: Promising Therapeutic Potential.

Carbohydr. Polym. 2019, 206, 163–173. [CrossRef] [PubMed]
2. Khurana, A.; Tekula, S.; Saifi, M.A.; Venkatesh, P.; Godugu, C. Therapeutic Applications of Selenium Nanoparticles. Biomed.

Pharmacother. 2019, 111, 802–812. [CrossRef]
3. Qiu, W.-Y.; Wang, Y.-Y.; Wang, M.; Yan, J.-K. Construction, Stability, and Enhanced Antioxidant Activity of Pectin-Decorated

Selenium Nanoparticles. Colloids Surf. B Biointerfaces 2018, 170, 692–700. [CrossRef]
4. Tang, L.; Luo, X.; Wang, M.; Wang, Z.; Guo, J.; Kong, F.; Bi, Y. Synthesis, Characterization, in Vitro Antioxidant and Hypoglycemic

Activities of Selenium Nanoparticles Decorated with Polysaccharides of Gracilaria lemaneiformis. Int. J. Biol. Macromol. 2021, 193,
923–932. [CrossRef]

5. Pires, R.; Costa, M.; Silva, J.; Pedras, B.; Concórdio-Reis, P.; Lapa, N.; Ventura, M. Se-Enrichment of Chlorella Vulgaris Grown under
Different Trophic States for Food Supplementation. Algal Res. 2022, 68, 102876. [CrossRef]

6. Jiang, H.; Wang, R.; Zhou, F.; Wu, Y.; Li, S.; Huo, G.; Ye, J.; Hua, C.; Wang, Z. Preparation, Physicochemical Characterization,
and Cytotoxicity of Selenium Nanoparticles Stabilized by Oudemansiella Raphanipies Polysaccharide. Int. J. Biol. Macromol. 2022,
211, 35–46. [CrossRef]

7. Xiao, Y.; Zhang, X.; Huang, Q. Protective Effects of Cordyceps Sinensis Exopolysaccharide-selenium Nanoparticles on H2O2-
Induced Oxidative Stress in HepG2 Cells. Int. J. Biol. Macromol. 2022, 213, 339–351. [CrossRef] [PubMed]

8. Xiao, Y.; Huang, Q.; Zheng, Z.; Guan, H.; Liu, S. Construction of a Cordyceps Sinensis Exopolysaccharide-Conjugated Selenium
Nanoparticles and Enhancement of Their Antioxidant Activities. Int. J. Biol. Macromol. 2017, 99, 483–491. [CrossRef]

9. Tang, S.; Wang, T.; Jiang, M.; Huang, C.; Lai, C.; Fan, Y.; Yong, Q. Construction of Arabinogalactans/Selenium Nanoparticles
Composites for Enhancement of the Antitumor Activity. Int. J. Biol. Macromol. 2019, 128, 444–451. [CrossRef]

10. Cao, B.; Zhang, Q.; Guo, J.; Guo, R.; Fan, X.; Bi, Y. Synthesis and Evaluation of Grateloupia livida Polysaccharides-Functionalized
Selenium Nanoparticles. Int. J. Biol. Macromol. 2021, 191, 832–839. [CrossRef] [PubMed]

11. Jiang, W.; Fu, Y.; Yang, F.; Yang, Y.; Liu, T.; Zheng, W.; Zeng, L.; Chen, T. Gracilaria lemaneiformis Polysaccharide as Integrin-
Targeting Surface Decorator of Selenium Nanoparticles to Achieve Enhanced Anticancer Efficacy. ACS Appl. Mater. Interfaces
2014, 6, 13738–13748. [CrossRef] [PubMed]

12. Casillo, A.; Lanzetta, R.; Parrilli, M.; Corsaro, M. Exopolysaccharides from Marine and Marine Extremophilic Bacteria: Structures,
Properties, Ecological Roles and Applications. Mar. Drugs 2018, 16, 69. [CrossRef] [PubMed]

13. Shen, S.; Chen, X.; Shen, Z.; Chen, H. Marine Polysaccharides for Wound Dressings Application: An Overview. Pharmaceutics
2021, 13, 1666. [CrossRef] [PubMed]

14. Wang, C.; Gao, X.; Chen, Z.; Chen, Y.; Chen, H. Preparation, Characterization and Application of Polysaccharide-Based Metallic
Nanoparticles: A Review. Polymers 2017, 9, 689. [CrossRef]

15. Concórdio-Reis, P.; Alves, V.D.; Moppert, X.; Guézennec, J.; Freitas, F.; Reis, M.A.M. Characterization and Biotechnological Poten-
tial of Extracellular Polysaccharides Synthesized by Alteromonas Strains Isolated from French Polynesia Marine Environments.
Mar. Drugs 2021, 19, 522. [CrossRef] [PubMed]

16. Concórdio-Reis, P.; Ferreira, S.S.; Alves, V.D.; Mopper, X.; Guézennec, J.; Coimbra, M.A.; Reis, M.A.M.; Freitas, F. Rheological
Characterization of the Exopolysaccharide Produced by Alteromonas Macleodii Mo 169. Int. J. Biol. Macromol. 2022, 227, 619–629.
[CrossRef]

17. Yan, J.-K.; Qiu, W.-Y.; Wang, Y.-Y.; Wang, W.-H.; Yang, Y.; Zhang, H.-N. Fabrication and Stabilization of Biocompatible Selenium
Nanoparticles by Carboxylic Curdlans with Various Molecular Properties. Carbohydr. Polym. 2018, 179, 19–27. [CrossRef]

18. Concórdio-Reis, P.; Pereira, C.V.; Batista, M.P.; Sevrin, C.; Grandfils, C.; Marques, A.C.; Fortunato, E.; Gaspar, F.B.; Matias, A.A.;
Freitas, F.; et al. Silver Nanocomposites Based on the Bacterial Fucose-Rich Polysaccharide Secreted by Enterobacter A47 for
Wound Dressing Applications: Synthesis, Characterization and in vitro Bioactivity. Int. J. Biol. Macromol. 2020, 163, 959–969.
[CrossRef]

19. Matos, M.S.; Romero-Díez, R.; Álvarez, A.; Bronze, M.R.; Rodríguez-Rojo, S.; Mato, R.B.; Cocero, M.J.; Matias, A.A. Polyphenol-
Rich Extracts Obtained from Winemaking Waste Streams as Natural Ingredients with Cosmeceutical Potential. Antioxidants 2019,
8, 355. [CrossRef]

20. Serra, A.T.; Matias, A.A.; Frade, R.F.M.; Duarte, R.O.; Feliciano, R.P.; Bronze, M.R.; Figueira, M.E.; de Carvalho, A.; Duarte, C.M.M.
Characterization of Traditional and Exotic Apple Varieties from Portugal. Part 2—Antioxidant and Antiproliferative Activities.
J. Funct. Foods 2010, 2, 46–53. [CrossRef]

21. Cai, W.; Hu, T.; Bakry, A.M.; Zheng, Z.; Xiao, Y.; Huang, Q. Effect of Ultrasound on Size, Morphology, Stability and Antioxidant
Activity of Selenium Nanoparticles Dispersed by a Hyperbranched Polysaccharide from Lignosus rhinocerotis. Ultrason. Sonochem.
2018, 42, 823–831. [CrossRef] [PubMed]

22. Zeng, S.; Ke, Y.; Liu, Y.; Shen, Y.; Zhang, L.; Li, C.; Liu, A.; Shen, L.; Hu, X.; Wu, H.; et al. Synthesis and Antidiabetic Properties of
Chitosan-Stabilized Selenium Nanoparticles. Colloids Surf. B Biointerfaces 2018, 170, 115–121. [CrossRef]

23. Jia, X.; Liu, Q.; Zou, S.; Xu, X.; Zhang, L. Construction of Selenium Nanoparticles/β-Glucan Composites for Enhancement of the
Antitumor Activity. Carbohydr. Polym. 2015, 117, 434–442. [CrossRef] [PubMed]

24. Kong, H.; Yang, J.; Zhang, Y.; Fang, Y.; Nishinari, K.; Phillips, G.O. Synthesis and Antioxidant Properties of Gum Arabic-Stabilized
Selenium Nanoparticles. Int. J. Biol. Macromol. 2014, 65, 155–162. [CrossRef] [PubMed]

http://doi.org/10.1016/j.carbpol.2018.10.088
http://www.ncbi.nlm.nih.gov/pubmed/30553309
http://doi.org/10.1016/j.biopha.2018.12.146
http://doi.org/10.1016/j.colsurfb.2018.07.003
http://doi.org/10.1016/j.ijbiomac.2021.10.189
http://doi.org/10.1016/j.algal.2022.102876
http://doi.org/10.1016/j.ijbiomac.2022.05.011
http://doi.org/10.1016/j.ijbiomac.2022.05.173
http://www.ncbi.nlm.nih.gov/pubmed/35649440
http://doi.org/10.1016/j.ijbiomac.2017.03.016
http://doi.org/10.1016/j.ijbiomac.2019.01.152
http://doi.org/10.1016/j.ijbiomac.2021.09.087
http://www.ncbi.nlm.nih.gov/pubmed/34547315
http://doi.org/10.1021/am5031962
http://www.ncbi.nlm.nih.gov/pubmed/25073123
http://doi.org/10.3390/md16020069
http://www.ncbi.nlm.nih.gov/pubmed/29461505
http://doi.org/10.3390/pharmaceutics13101666
http://www.ncbi.nlm.nih.gov/pubmed/34683959
http://doi.org/10.3390/polym9120689
http://doi.org/10.3390/md19090522
http://www.ncbi.nlm.nih.gov/pubmed/34564184
http://doi.org/10.1016/j.ijbiomac.2022.12.117
http://doi.org/10.1016/j.carbpol.2017.09.063
http://doi.org/10.1016/j.ijbiomac.2020.07.072
http://doi.org/10.3390/antiox8090355
http://doi.org/10.1016/j.jff.2009.12.005
http://doi.org/10.1016/j.ultsonch.2017.12.022
http://www.ncbi.nlm.nih.gov/pubmed/29429736
http://doi.org/10.1016/j.colsurfb.2018.06.003
http://doi.org/10.1016/j.carbpol.2014.09.088
http://www.ncbi.nlm.nih.gov/pubmed/25498656
http://doi.org/10.1016/j.ijbiomac.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24418338


Bioengineering 2023, 10, 193 13 of 13

25. Liu, G.; Yang, X.; Zhang, J.; Liang, L.; Miao, F.; Ji, T.; Ye, Z.; Chu, M.; Ren, J.; Xu, X. Synthesis, Stability and Anti-Fatigue Activity
of Selenium Nanoparticles Stabilized by Lycium Barbarum Polysaccharides. Int. J. Biol. Macromol. 2021, 179, 418–428. [CrossRef]

26. Liu, Y.; Zeng, S.; Liu, Y.; Wu, W.; Shen, Y.; Zhang, L.; Li, C.; Chen, H.; Liu, A.; Shen, L.; et al. Synthesis and Antidiabetic Activity
of Selenium Nanoparticles in the Presence of Polysaccharides from Catathelasma ventricosum. Int. J. Biol. Macromol. 2018, 114,
632–639. [CrossRef]

27. Singh, S.; Sran, K.S.; Pinnaka, A.K.; Roy Choudhury, A. Purification, Characterization and Functional Properties of Exopolysac-
charide from a Novel Halophilic Natronotalea sambharensis Sp. Nov. Int. J. Biol. Macromol. 2019, 136, 547–558. [CrossRef]

28. Huang, B.; Zhang, J.; Hou, J.; Chen, C. Free Radical Scavenging Efficiency of Nano-Se in vitro. Free Radic. Biol. Med. 2003, 35,
805–813. [CrossRef] [PubMed]

29. Zhang, J.; Wang, H.; Bao, Y.; Zhang, L. Nano Red Elemental Selenium Has No Size Effect in the Induction of Seleno-Enzymes in
Both Cultured Cells and Mice. Life Sci. 2004, 75, 237–244. [CrossRef]

30. Akturk, O. Colloidal Stability and Biological Activity Evaluation of Microbial Exopolysaccharide Levan-Capped Gold Nanoparti-
cles. Colloids Surf. B Biointerfaces 2020, 192, 111061. [CrossRef]

31. Chen, X.; Yan, J.-K.; Wu, J.-Y. Characterization and Antibacterial Activity of Silver Nanoparticles Prepared with a Fungal
Exopolysaccharide in Water. Food Hydrocoll. 2016, 53, 69–74. [CrossRef]

32. Chen, X.; Zhao, X.; Gao, Y.; Yin, J.; Bai, M.; Wang, F. Green Synthesis of Gold Nanoparticles Using Carrageenan Oligosaccharide
and Their In Vitro Antitumor Activity. Mar. Drugs 2018, 16, 277. [CrossRef]

33. Pooja, D.; Panyaram, S.; Kulhari, H.; Rachamalla, S.S.; Sistla, R. Xanthan Gum Stabilized Gold Nanoparticles: Characterization,
Biocompatibility, Stability and Cytotoxicity. Carbohydr. Polym. 2014, 110, 1–9. [CrossRef] [PubMed]

34. Scala, A.; Piperno, A.; Hada, A.; Astilean, S.; Vulpoi, A.; Ginestra, G.; Marino, A.; Nostro, A.; Zammuto, V.; Gugliandolo, C.
Marine Bacterial Exopolymers-Mediated Green Synthesis of Noble Metal Nanoparticles with Antimicrobial Properties. Polymers
2019, 11, 1157. [CrossRef] [PubMed]

35. Navarro Gallón, S.M.; Alpaslan, E.; Wang, M.; Larese-Casanova, P.; Londoño, M.E.; Atehortúa, L.; Pavón, J.J.; Webster, T.J.
Characterization and Study of the Antibacterial Mechanisms of Silver Nanoparticles Prepared with Microalgal Exopolysaccharides.
Mater. Sci. Eng. C 2019, 99, 685–695. [CrossRef]

36. Freitas, F.; Torres, C.A.V.; Araújo, D.; Farinha, I.; Pereira, J.R.; Concórdio-Reis, P.; Reis, M.A.M. Advanced Microbial Polysaccha-
rides. In Biopolymers for Biomedical and Biotechnological Applications; Rehm, B., Moradali, M.F., Eds.; Wiley: Hoboken, NJ, USA,
2021; pp. 19–62, ISBN 978-3-527-81831-0.

37. Cheng, Y.; Xiao, X.; Li, X.; Song, D.; Lu, Z.; Wang, F.; Wang, Y. Characterization, Antioxidant Property and Cytoprotection of
Exopolysaccharide-Capped Elemental Selenium Particles Synthesized by Bacillus paralicheniformis SR14. Carbohydr. Polym. 2017,
178, 18–26. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ijbiomac.2021.03.018
http://doi.org/10.1016/j.ijbiomac.2018.03.161
http://doi.org/10.1016/j.ijbiomac.2019.06.080
http://doi.org/10.1016/S0891-5849(03)00428-3
http://www.ncbi.nlm.nih.gov/pubmed/14583345
http://doi.org/10.1016/j.lfs.2004.02.004
http://doi.org/10.1016/j.colsurfb.2020.111061
http://doi.org/10.1016/j.foodhyd.2014.12.032
http://doi.org/10.3390/md16080277
http://doi.org/10.1016/j.carbpol.2014.03.041
http://www.ncbi.nlm.nih.gov/pubmed/24906721
http://doi.org/10.3390/polym11071157
http://www.ncbi.nlm.nih.gov/pubmed/31284651
http://doi.org/10.1016/j.msec.2019.01.134
http://doi.org/10.1016/j.carbpol.2017.08.124
http://www.ncbi.nlm.nih.gov/pubmed/29050583

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the Bio-Nanocomposites 
	Characterization of the Bio-Nanocomposites 
	Biological Assays 
	Cell Cultures 
	Cytotoxicity Assays 
	Cellular Antioxidant Activity 

	Data Analysis 

	Results and Discussion 
	NPs Synthesis 
	NPs Characterization 
	Composition 
	Colloidal Stability 
	SeNPs Morphology 
	SeNPs and Bio-Nanocomposite’s Size 
	EPS-NPs Interaction 

	Biological Assays 
	Assessment of Cytotoxicity 
	Evaluation of Cellular Antioxidant Activity 


	Conclusions 
	References

