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ARTICLE INFO ABSTRACT

Keywords: Fucoidan is an anionic sulphated polysaccharide found in brown seaweed. Due to its various biological activities,
Antimicrobial activity biodegradability, and biocompatibility, the application of fucoidan is increasing in various fields. The research
Complexation was aimed to use fucoidan for nisin encapsulation. Nisin-loaded fucoidan particles were prepared by the
;lilsci:dan complexation method in the pH range of 4.0-7.0. The interaction of nisin and fucoidan was confirmed by FT-IR

spectroscopy, dynamic light scattering method, thermogravimetric and differential scanning calorimetry anal-
ysis. The stability of the particles was analysed under storage at 4 °C. After one month of storage, the hydro-
dynamic diameter and zeta potential of particles changed insignificantly. Encapsulated nisin preserved its
biological activity. The antimicrobial activity was tested against Gram-positive bacteria Bacillus subtilis and
Listeria innocua, and Gram-negative bacteria Escherichia coli and Salmonella typhimurium. Nisin-loaded-fucoidan
particles exhibited antibacterial activity against Gram-positive bacteria B. subtilis and L. innocua comparable
to free nisin. The application of fucoidan for the encapsulation of nisin is promising. A new nisin formulation
could be used in the food industry for biopreservation.

Particle stability

1. Introduction

Fucoidan is a sulphated polysaccharide found in brown algae. Its
chemical structure is heterogeneous and species-related and varies in
monomer composition, sulphation pattern, and glycosidic linkage.
Moreover, its heterogeneity might also depend on the fucoidan extrac-
tion method, the maturation of algae, the harvesting time, and
geographical factors. Fucoidan is mainly composed of an r-fucopyr-
anoside backbone linked by repeating a-(1 — 3) with a-(1 — 4) bonds.
The fucose backbone can also be linked by a-(1 — 3) or a-(1 — 4) bonds
only. Other sugar monomers, such as mannose, galactose, glucose,
xylose, and glucuronic acid, are found in the composition of fucoidan. In
addition, L-fucose molecule can be mono-or disulphated at C-2 and/or C-
4 position and depending on the type of glycosidic linkage at C-3 posi-
tion (Zayed, El-Aasr, Ibrahim, & Ulber, 2020; Zayed & Ulber, 2019).
Fucus vesiculosus is often used as a source of fucoidan. Florez-Fernandez
et al. (2023) found that it consists of 35 g/100g of fucose and approxi-
mately 8 g/100g of a mixture of xylose, galactose, and mannose. The

sulphate content is 27 g/100g. A similar content of total sugar (42
g/100g) and sulphates (22 g/100g) was also detected in another
research (Rioux, Turgeon, & Beaulieu, 2007).

The marine algae-derived polysaccharides attract attention due to
their potential for various applications. They are inexpensive, biode-
gradable, and biocompatible. First, fucoidan has biological activity, and
different factors such as sugar composition, degree of sulphation, mo-
lecular weight, glycosidic linkage, branching sites, and purity affect its
biological behaviour. However, the fucoidan structure-activity rela-
tionship is not fully understood (Zayed et al., 2020; Zayed & Ulber,
2019). Fucoidan exhibits anticoagulant, antiviral, antitumor, and
anti-inflammatory activities. The anticoagulant properties of fucoidan
are the most investigated (Barbosa, Coutinho, Costa Lima, & Reis, 2019;
Luthuli et al., 2019). Furthermore, fucoidan has antioxidant activity and
shows ferric reducing power and DPPH radical scavenging activity (Du
et al., 2022; Li, Lu, Wei, & Zhao, 2008).

Fucoidan is used in the food industry as a dietary supplement. The US
Food and Drug Administration approved fucoidan extracts of Undaria
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pinnatifida and Fucus vesiculosus as generally recognized as safe (GRAS).
In Europe, those extracts are recognized as a novel food. Oral con-
sumption of fucoidan up to 250 mg/day is considered safe (Jayawardena
et al., 2022; Lahteenmaki-Uutela et al., 2021).

Together with other polyelectrolytes, fucoidan-based nanoparticles
have been developed. They find applications for drug delivery systems,
tissue engineering, and magnetic resonance imaging systems (Duba-
shynskaya, Gasilova, & Skorik, 2023; Lu et al., 2017; Venkatesan,
Murugan, & Seong, 2022).Furtthermore, fucoidan is an antimicrobial
agent (Ayrapetyan et al., 2021; Mensah, Kanwugu, Panda, & Adadi,
2023) and its antimicrobial activity can be coupled with the effect of
silver or gold nanoparticles by coating them with fucoidan. Fucoidan is
also formulated with chitosan for antimicrobial applications (Rajase-
karan & Viswanathan, 2023).

Nisin is a well-known peptide and is composed of 34 amino acid
residues. Nisin is approved by the US Food and Drug Administration for
its applications in food products. Additionally, it is synthesised by the
food-grade lactic acid bacterium Lactococcus lactis subsp. lactis. The
number E234 is assigned to nisin as a food additive in the EU. Nisin is
active against Gram-positive bacteria, including Clostridium botulinum
and Listeria monocytogenes (Gharsallaoui, Oulahal, Joly, & Degraeve,
2016). To improve the proteolytic stability of nisin, protect it from
interaction with food components, and ensure homogeneous distribu-
tion in food products, various encapsulation technologies are used.
Moreover, the constant consumer demand for safe and healthy food
stimulates the development of biopreservation techniques (Eghbal,
Viton, & Gharsallaoui, 2022; O’Connor et al., 2020).

Fucoidan could be explored as a carrier for antimicrobial peptides
used in the food industry. Herein, fucoidan was used for the first time for
the encapsulation of nisin. The preparation of nisin-loaded fucoidan
particles by low-cost and simple complexation method was presented.
The physicochemical and antimicrobial properties of the obtained par-
ticles were also described.

2. Materials and methods
2.1. Materials

Nisin (NisinZ™ P) was obtained from Handary S.A (Belgium).
Fucoidan from Fucus vesiculosus (>98 g/100 g) was purchased from
Sigma-Aldrich. Its molecular weight was 95 kDa and the content of
sulfur was 8.89 g/100 g (Hahn et al., 2016). Hydrochloric acid (32
g/100 g, p.a), sodium hydroxide (>98 g/100g, p.a.), and
ortho-phosphoric acid (85 g/100 g, p.a.) were purchased from Carl Roth.
Copper sulphate pentahydrate was obtained from Merck. Bicinchoninic
acid solution was purchased from Sigma-Aldrich. All reagents were used
without additional purification.

2.2. Preparation of nisin-loaded fucoidan particles

The solutions of nisin and fucoidan were prepared in deionized
water. The concentration of both solutions was 2 mg/mL. The pH was
then adjusted to the desired value (4, 5, 6, or 7) using 0.1 mol/L NaOH or
0.1 mol/L HCI. Subsequently, the solutions were filtered through 0.2 pm
pore size cellulose acetate filters. For particle formation, the fucoidan
solution was being stirred and a desired amount of peptide solution was
added dropwise at 20 °C. Subsequently, the pH value of the mixture was
also adjusted to 4, 5, 6, or 7. Before the addition of the peptide, if
necessary, an appropriate amount of water was added to obtain the final
fucoidan concentration of 0.4 mg/mL and the nisin concentration of
0-1.0 mg/mL. Subsequently, the samples were gently shaken at 150 rpm
for 24 h at 20 °C. The particles obtained in the form of soluble complexes
or deposits were stored at 4 °C for further analysis (Pachaleva, Grus-
kiene, Bockuviene, & Sereikaite, 2023).
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2.3. Analysis of the efficiency of peptide encapsulation

The solution of 0.5 mL was centrifuged at 10,000xg and 4 °C for 15
min using ultrafiltration tubes (Amicon Ultra-0.5 centrifugal filter unit,
10 kDa MWCO, Merck Millipore Ltd). Then, the concentration of free
peptide was measured in the solution of the outer tube by the bicin-
choninic acid method (Noble & Bailey, 2009). The following equation
was used for the calculation of the encapsulation efficiency (EE) of nisin:
EE (%) = ((Total nisin — free nisin)/Total nisin) x 100.

2.4. Characterization of nisin-loaded fucoidan particles

The hydrodynamic diameter of the particles was determined using
the Zetasizer Nano ZS instrument (Malvern Instruments). It was equip-
ped with a 4 mV HeNe laser at a wavelength of 633 nm. At an angle of
173°, the intensity of the scattered light was registered. All measure-
ments were performed at 20 °C (Krivorotova et al., 2016). Malvern
Zetasizer software 7.03 was used for data analysis. The zeta potential of
particles was determined using the same instrument.

Fourier-transform infrared (FT-IR) spectra were recorded with a
PerkinElmer Frontier 65 spectrometer using Universal ATR Sampling
Accessory. All spectra were an average of 100 scans from 4000 to 700
em ™! at a resolution of 2 cm™!. The solutions of nisin, fucoidan, and
nisin-loaded fucoidan complex were freeze-dried and subsequently
dissolved in D50 and freeze-dried. The procedure was repeated once
again to ensure a complete H/D exchange.

Thermogravimetric and differential scanning calorimetry (TG-DSC)
analysis were performed using an STA 6000 Simultaneous Thermal
Analyzer (PerkinElmer, Waltham, MA, USA). An amount of 5 mg of the
freeze-dried sample was heated from 25 °C to 300 °C at a rate of 10 °C/
min. A nitrogen atmosphere was used at a flow rate of 40 mL/min (You,
Liu, & Zhao, 2018).

Scanning electron microscopy (SEM) was performed using a Hitachi
SU-70 (FE-SEM, Hitachi, Tokyo, Japan) scanning electron microscope.
SEM images were examined at an acceleration voltage of 1.0 kV. The
nisin-loaded fucoidan complex was prepared at pH 5. The final con-
centration of fucoidan and nisin was 0.4 mg/mL. The solution was then
diluted 5 times with deionized water, dropped onto a glass slide sputter-
coated with 10-nm silver layer, and gently dried at room temperature.

2.5. Invitro release of nisin from nisin-loaded fucoidan particles

A volume of 0.5 mL of particles prepared at the nisin and fucoidan
concentrations of 0.4 mg/mL was transferred to the dialysis bag (cut-off
6-8 kDa) and dialyzed against 4 mL of 25 mmol/L phosphate buffer at
pH 2, 6 and 8 containing 0, 0.1, 0.2 and 0.5 mol/L NaCl. Dialysis was
performed at 20 °C and 37 °C with shaking at 150 rpm. At the time
points of 1, 24, 72, and 96 h, 50 pL of the sample was withdrawn and the
amount of released nisin was determined by the bicinchoninic acid
method (Noble & Bailey, 2009). The volume taken was replaced by a 25
mmol/L phosphate solution of the appropriate pH value and ionic
strength. The relative amount of released nisin (%) was calculated ac-
cording to the following equation (Brum, dos Santos, Santos, & Bran-
delli, 2022):

CR (%) = (C,/C) x 100

where CR (%) is the percentage of nisin released, C,, and C; are the
concentrations of nisin of the nth sample and the total concentration of
nisin, respectively.

2.6. Analysis of sensitivity of bacteria to nisin-loaded fucoidan particles
by agar-diffusion method

Gram-positive bacteria Bacillus subtilis ATCC 6633 (obtained from
Vilnius University) and Listeria innocua CECT 910T (kindly provided by
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Maria Joao Fraqueza from the University of Lisbon) as well as Gram-
negative bacteria Salmonella typhimurium LT2 (pyrF146) (kindly pro-
vided by Jaunius Urbonavicius, Vilnius Gediminas Technical University,
Lithuania) and Escherichia coli BL21 [F-dcm ompT hsdS(rB-mB-) gall
(DE3)] (obtained from ThermoFisher Scientific) were used. For the
propagation of bacteria, Luria-Bertani (LB) medium composed of 2 g/dL
tryptone, 2 g/dL yeast extract and 1 g/dL NaCl was used. Bacteria were
cultivated under shaking at 37 °C for 16-18 h.

For the agar-diffusion assay, 20 pL of nisin-fucoidan nanoparticles
along with free nisin samples were spotted on the LB-agar plates seeded
with bacteria grown overnight either B. subtilis, L. innocua, E. coli or
S. typhimurium (2x10 cells/plate). Gram-negative bacteria E. coli and
S. typhimurium were additionally treated with the permeabilization so-
lution containing 0.8 mol/L of sorbitol, 4 mmol/L of DTT, 0.5 mol/L of
EDTA, and 10 mmol/L of Tris-HClI for 30 min at pH 7.5 and 37 °C. The
plates were incubated at 37 °C for 24 h and growth inhibition zones were
measured (Gruskiene et al., 2021).

2.7. Statistical analysis

Three independent experiments were performed unless otherwise
specified and data are presented as the mean + standard deviation. To
define statistically significant data, a one-way analysis of variance
(ANOVA, P < 0.05) was used.

3. Results and discussion
3.1. Formation of nisin-loaded fucoidan particles

Nisin-loaded fucoidan particles were prepared using the complexa-
tion strategy. The approach based on the self-assembly method is simple
and cost-efficient. The particles were fabricated at pH values from 4.0 to
7.0 having in mind their potential application in various food matrices of
different acidity. Fucoidan is a strong polyelectrolyte with a pK, value of
1.0-2.5 (Barbosa et al., 2019). Nisin is a cationic peptide that has an
isoelectric point above 8.5 (Tai, Joshi, & McGuire, & Neff, 2008).
Therefore, complex formation was expected at neutral and slightly acid
pH values (Amara, Kim, Oulahal, Degraeve, & Gharsallaoui, 2017)
(Fig. 1).

To study the nisin-fucoidan interaction and the formation of the
complex, FT-IR measurements were performed. To better separate the
absorption bands of nisin and highlight structural changes during
complex formation, the exchange of hydrogen atoms by deuterium was
used. The extent of deuterium exchange allows assessing the accessi-
bility of the OH and NH (NH>) groups and conformational changes of
peptides (Barth, 2000; de Meutter & Goormaghtigh, 2021; Militello
et al., 2004). In the nisin spectrum (Fig. 2A), the band at 3260 cm !
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Fig. 2. FT-IR spectra of nisin (A), fucoidan (B) and nisin-fucoidan complex (C).

corresponds to O-H and N-H stretching vibrations. The bands at 1630.5
em ™! and 1522 ecm™! are attributed to Amide I and Amide II, respec-
tively. The Amide I band corresponds to carbonyl stretching vibrations,
and the Amide II band is assigned to C-N stretching and in-plane N-H
bending vibrations. The band at 1439 cm™! is attributed to a new Amide
II’ band that appeared due to H/D exchange and the shift of vibrations to
lower wavenumbers (Gruskiene et al., 2021; Sosa Morales, Juarez,
Montich, & Alvarez, 2019). In the fucoidan spectrum, the broad band at
3410 cm ! and the band at 2540 cm ™! correspond to the stretching of
the O-H and O-D groups after H/D exchange, respectively (Fig. 2B). The
band at 1633 cm ™! is assigned to the structural water deformation band.
The molecules of water are in well-defined positions of the poly-
saccharide interlayer (Dong et al., 2019; Synytsya et al., 2010). The
absorption bands at 1387 ¢cm™! and 1450 ecm™! are associated with
symmetric CHs deformations from the fucose 6C methyl group. The
intense band at 1220 cm ™! with a shoulder at 1254 cm ™! suggests the
presence of the S=O stretching of sulphate groups. The intense band at
1007 cm™! is a typical band of polysaccharides observed due to the
coupling of the C-O or C-C stretching vibrations with the C-O-H
bending vibrations. The band at 831 cm ™! corresponds to the C-O-S of
the sulphate group and the glycosidic bonds in a-conformation between
fucopyranose units of fucoidan (Dorschmann, Kopplin, & Roider, 2023;
Synytsya et al., 2010). After the complexation, the bands at 3410 cm™!
and 2540 cm ™! shift to a lower wavenumber at 3350 cm ™! and 2500
cm ™}, respectively, and indicate the formation of hydrogen bonds in the
complex (Fig. 2C). Both bands of Amide I and Amide II decrease in the
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Fig. 1. Schematic presentation of nisin-loaded fucoidan particle formation.
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intensity compared to the pure nisin spectrum. Furthermore, the band of
Amide I shifts to a higher frequency from 1630.5 cm ™! to 1640 cm ™! and
shows a weakening of intramolecular hydrogen bonds in nisin com-
plexed with fucoidan (Sosa Morales et al., 2019). The intensity of the
amide II band increases, suggesting the higher accessibility of protons to
H/D exchange and nisin conformational changes during complex for-
mation (Militello et al., 2004). The spectral shift of the Amide I’
stretching deformation from 1438 cm ™! to 1428 cm ™ lalso confirms the
interaction between the peptide and the polysaccharide (Fael & Demirel,
2020). After complexation, the bands at 1220 em ! and 831 em !
belonging to sulphate group in the fucoidan spectrum shift to 1230 cm ™
and 839 cm?, respectively, and indicate the electrostatic interaction
between -NH3 groups of nisin and sulphate groups of fucoidan. The
changes are in line with previously published data. The blue shift of both
S—O0 and C-O-S stretching due to electrostatic interactions was reported
for the complexation of heparin with chitosan or N, N, N-trimethyl
chitosan (Martins, Piai, Schuquel, Rubira, & Muniz, 2011). Moreover,
the broad band at 1007 cm ™ shifts to 1024 cm ™! and indicates steric
arrangement changes of complexed fucoidan (Kacurakova, Capek,
Sasinkova, Wellner, & Ebringerova, 2000).

As seen from Table 1, the EE of nisin was practically equal to 100% in
the nisin concentration range of 0-0.6 mg/mL and was independent of
pH value. Only at the highest nisin concentration of 1 mg/mL the EE was
lower by a few percent. However, at the neutral pH value of 7.0, the EE
was the same as at the lower nisin concentration. Previously, it was
demonstrated that not only electrostatic forces and hydrogen bonding
were involved in the interaction of nisin with polyanionic poly-
saccharides. For complex formation, hydrophobic forces are also sig-
nificant and are especially evident at neutral pH values. Despite the
reduction in the positive charge of nisin by histidine deprotonation, at
high concentrations of nisin, the EE is higher at neutral pH values than at
lower pH values (Gruskiene et al., 2021; Krivorotova et al., 2016).
Furthermore, the nisin-loaded fucoidan particles were stable under
storage at 4 °C. Overall, the release of nisin was not observed and the EE
did not change.

Previously, fucoidan was combined with zein to develop composite
nanoparticles. The interaction of components was based mainly on
electrostatic attraction and hydrogen bonding. Composite nanoparticles
were used for curcumin encapsulation with a high encapsulation effi-
ciency of 81.07% (Zhang et al., 2021). Pinheiro et al. (2015) showed
that multilayer nanocapsules can be prepared through layer-by -layer

Table 1
The dependence of nisin encapsulation efficiency on the pH value of solution”, b
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assembly using fucoidan and chitosan. Two polysaccharides formed
layers because of the electrostatic interaction between the opposite
charges of the components. The nanocapsules served as a nanocarrier
system for poly-L-lysine, a cationic peptide with antimicrobial activity.

3.2. Physicochemical characterization of particles

The zeta potential of the particles is shown in Fig. 3. As seen, the zeta
potential of fucoidan is negative and varies from —25.6 at pH 4.0 to
—57.0 at pH 7.0. The addition of positively charged nisin should reduce
the negative surface charge of fucoidan. Indeed, at the high nisin con-
centration of 1 mg/ml, the zeta potential of the particles becomes even
positive (Fig. 3A, B, C). However, at low concentrations of nisin and all
pH values, the interaction of nisin with fucoidan results in a more
negative surface charge of the complex compared to fucoidan. The same
trend was observed in the case of nisin complexation with ulvan
(Gruskiene et al., 2021) and could be related to fucoidan conformational
changes. For associative interactions and complex formation, not only
electrostatic attraction but also the flexibility of macromolecules is
important (Reynolds & Perez, 2011; Turgeon, Beaulieu, Schmitt, &
Sanchez, 2003). Afterward, the negative surface charge of the complex
continuously decreased with increasing nisin concentration. As seen in
Fig. 3, the particles were stable under storage at 4 °C for 4 weeks. In most
cases, the zeta potential did not change significantly. At all pH values
and a nisin concentration of 0.6 mg/mL or lower, the absolute value of
the zeta potential of the particles was greater than 30 mV. Usually, a
surface charge of +30 mV prevents the particles from aggregation
(Tamjidi, Shahedi, Varshosaz, & Nasirpour, 2013).

As seen in Fig. 4, at all pH values, the hydrodynamic diameter of the
particles was in the range of 200-600 nm when the concentration of
encapsulated nisin varied from 0 to 0.6 mg/mL. Statistical analysis
showed that at higher pH values of 6.0 and 7.0 and low nisin concen-
trations (0-0.3 mg/mL at pH 6.0 and 0-0.4 mg/mL at pH 7.0), the dif-
ference in size was insignificant compared to pure fucoidan. The same
phenomenon was observed in the complexation of nisin with ulvan
(Gruskiene et al., 2021) and could be related to conformation changes of
polysaccharide molecules through peptide binding. At the higher nisin
concentration of 1 mg/mlL, the particles were large and the hydrody-
namic diameter varied from 2600 to 5500 nm. As seen, in most cases the
changes in particle size were insignificant in storage for 4 weeks at 4 °C.

The SEM image shows that nisin-loaded fucoidan particles are not

cd
P

The concentration of nisin, mg/ Encapsulation efficiency, %

mL

pH 4 pHS5 pH6 pH7
to t1 to t to t to t
0.1 96.7 + 3.6 98.8+ 1.5 981 +1.8%! 998+ 0.4 97.3 + 98.7 £ 1.5%1  97.3 4+ 2.143! 99.0 + 1.1 Aal
3.9ABa1
0.2 97.6 £2.9%1 991 +1.141 981 + 99.1 + 97.8 £2.2%1 985+ 1241 983+1.0%41 978421
2 6ABal 3 SABCal ABal
0.3 97.3 + 99.4 +0.7*"1 99,0 + 99.0 + 0.9%%1 974 +1.3%2 961+ 1.5%2 983+ 1.0 98.9 + 0.7 Adal
1 9Aa12 1 lABal Aal2
0.4 98.2+1.4%1 991 +0.74 991 + 98.7 + 0.5%! 98.6 +0.9"1  99.0+ 0.6 982+1.2"1 978+1.6
1.6ABa1 ABal
0.5 98.8 + 98.5 + 99.6 + 0.4%!  98.9 + 0.6 98.9 + 0.6%2  98.4 + 98.6 + 0.7 442 97.9 4 0.7 B2
1 1A312 1 2A312 145A312
0.6 98.8 + 1.1 99.3 + 0.6%41  99.2 + 98.7 + 0.5%1 98.8 + 1.0 975+ 0.9 98,6+ 0.3  97.0+ 1.6 %2
O.SABal
1.0 92.8+0.09%! 957+ 1.8% 922+ 90.3 + 8.1%! 93.5+2.3%1 939+ 1.4%1 98240542 975404582
8.5Aa12

2 Data are presented as mean values + standard deviations of 5-8 independent experiments.

b to and t; are the initial time of particle preparation and the time after 4 weeks of storage at 4 °C, respectively.

¢ Different superscript capital letters represent significant differences in the mean within each column; different superscript lowercase letters represent significant
differences in the mean of each pair ty and t, different numbers represent significant differences in the mean of the parameter at different pH values, but at the same

time and the same concentration of nisin (P < 0.05).
4 The concentration of fucoidan was equal to 0.4 mg/mL.
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Fig. 3. Zeta potential of nisin-loaded fucoidan particles at different pH values (A, pH 4; B, pH 5; C, pH 6; D, pH 7) depending on nisin concentration. Dashed bars

indicate the zeta potential of particles after 4 weeks of storage at 4 °C.
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uniform. Most of them have irregular and angular shape. However, some
of them exhibit a sphere-like shape (Fig. 5). It can be observed that the
particle size is smaller than that measured by the Zetasizer Nano. The
same phenomenon was observed for chitosan/y-PGA encapsulated nisin
nanoparticles. The Zetasizer Nano instrument measures the hydrody-
namic diameter of particles swelled in aqueous solution while SEM gives
the size of particle in the dry state. It could be the reason of the observed
discrepancy (Wu et al., 2016).

In general, the formation of polyion complexes is becoming one of
the popular techniques for nisin encapsulation. Previously, polyanionic
polysaccharides such as pectin (Krivorotova et al., 2016), negatively
charged natural polysaccharide gum Arabic (Gong et al., 2018), or sol-
uble soybean polysaccharide (Luo et al., 2019) were used for that pur-
pose. Recently, nisin- carboxymethylcellulose polyion complex
nanoparticles have been developed (Celen, Anumudu, Miri, Onyeaka, &
Fernandez-Trillo, 2023). The complexation is a simple method and re-
sults in the nisin-loaded particles with negative surface charge. Their
hydrodynamic diameter varies depending on the mass ratio of nisin and
polyanionic polysaccharides, and the pH values.

The TG and DSC thermograms of nisin, fucoidan, and its complex are
presented in Fig. 6. All samples exhibited two-stage weight loss. In the
DSC thermograms, broad endothermic transitions were recorded at 79,
72, and 58 °C for nisin, fucoidan, and nisin-loaded particles, respec-
tively. The peaks were also seen on the TG thermograms and were
related to the slight loss of dehydration mass. The second nisin degra-
dation step started at 260 °C and was seen in both TG and DSC ther-
mograms (Fig. 6A) (Niaz et al., 2018). For fucoidan, an intensive sharp
exothermic transition at 247 °C and extensive weight loss were observed
in DSC and TG thermograms, respectively (Fig. 6B) (Bonaccorso et al.,
2021; Cheow, Kiew, & Hadinoto, 2015; Mou et al., 2020). However, for
nisin-loaded particles, a broad exothermic transition at 256 °C associ-
ated with the decomposition of the complex was observed (Fig. 6C). The
TGA - DSC analysis indicated that the temperature of thermal decom-
position of the complex changed, and was related to intermolecular
interactions between nisin and fucoidan (Bonaccorso et al., 2021).

3.3. In vitro release of nisin from nisin-loaded fucoidan particles

The release of nisin from the particles was analysed at different pH
values of 2.0, 6.0, and 8.0 and at two different temperatures of 20 °C and
37 °C. Furthermore, the influence of the ionic strength of the solution on
the release of nisin was examined. As seen in Fig. 7, at both tempera-
tures, the greatest influence of ionic strength on nisin release was
observed at pH 2.0. The percentage of released nisin increased with

O °
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Fig. 5. SEM image of nisin-loaded fucoidan particles prepared at pH 5. The
final concentration of fucoidan and nisin was 0.4 mg/mL.
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increasing concentration of salt. At pH 6.0, on the contrary, higher
concentrations of NaCl (0.5 mol/L and 2 mol/L) decreased the amount
of nisin. The same tendency was also observed at pH 8.0. At pH 2.0, it
seems that the electrostatic forces of interaction between nisin and
fucoidan are dominant. At neutral or slightly alkaline pH value, the
hydrophobic forces are important for nisin - fucoidan complexation. At
high ionic strength, hydrophobic interactions increase (Graziano, 2009)
and consequently, the release of nisin from the complex decreases. As
shown above, the effect of salt at those pH values is consistent with the
encapsulation efficiency data at a high concentration of nisin. Wu et al.
(2016) previously described a pH-dependent pattern of nisin release
from chitosan/poly-y-glutamic acid. The pH value of the environment
also affected the release of nisin from pectin-chitosan nanoparticles
(Wang, Yang, & Sun, 2017). Moreover, the impact of hydrophobic in-
teractions between nisin and polysaccharide on the release control at
higher pH values was also observed (Wu et al., 2016). After 100 h the
amount of released peptide is lower at the higher temperature of 37 °C
compared to 20 °C. It could also be related to the effect of temperature
on hydrophobic interactions. With increasing temperature, hydrophobic
forces become stronger (Sun, 2022). In general, a slower sustained
release of the peptide was observed from nisin-fucoidan complexes
compared to alginate-chitosan-pluronic composite nanoparticles or
pectin-chitosan complexes (Bernela, Kaur, Chopra, & Thakur, 2014;
Wang et al., 2017).

3.4. Antibacterial activity of particles

To analyse the antibacterial activity of the nisin-loaded fucoidan
particles, Gram-positive bacteria B. subtilis and L. innocua were used, as
well as Gram-negative bacteria E. coli and S. typhimurium (Fig. 8). The
most effective inhibiting activity of encapsulated nisin was detected
against B. subtilis, where the largest lysis zones (11-13 mm) were
observed (Fig. 8). The antibacterial action against L. innocua was weaker
in comparison to B. subtilis. As seen from Fig. 8, the size of the lysis zones
was similar but the transparency was reduced. The analysis of antimi-
crobial activity revealed the important characteristic of particles, i.e.,
nisin complexed with fucoidan preserves its biological activity against
Gram-positive bacteria. Moreover, the antibacterial activity of encap-
sulated nisin does not decrease significantly as compared to the same
concentration of free nisin. As previously found, nisin-loaded ulvan
particles also exhibited antibacterial activity against B. subtilis and
L. innocua comparable to free nisin (Gruskiene et al., 2021). In general,
nisin is more active against B. subtilis than L. innocua (Olasupo, Fitz-
gerald, Narbad, & Gasson, 2004). The same tendency was preserved for
encapsulated nisin. Nevertheless, the active nisin-loaded fucoidan par-
ticles against such foodborne pathogenic bacteria as Listeria are prom-
ising to be used as biopreservatives. The efficiency of nisin-loaded
fucoidan particles against additionally permeabilized Gram-negative
bacteria E. coli and S. typhimurium was negligible. Semi-transparent
lysis zones of 7-8 mm in diameter were detected only at a concentra-
tion of 0.4 mg/mL of encapsulated or free nisin. This peptide is generally
not active against E. coli and S. typhimurium, as previously demonstrated
(Khan, Vu, Riedl, & Lacroix, 2015). The outer membrane of these bac-
teria is a barrier for the penetration of nisin and reaching the cyto-
plasmic membrane (Khan et al., 2022).

The antimicrobial activity of some nisin-loaded polyion complexes
were evaluated in real food systems. Soybean-polysaccharide-based
nanoparticles were used for tomato juice biopreservation. The slow
and sustained release of nisin resulted in a high antimicrobial capacity of
the nanoparticles for 60 days (Luo et al., 2019). The antimicrobial ac-
tivity of nisin — carboxymethylcellulose nanoparticles against Staphylo-
coccus aureus was demonstrated in skimmed milk (Celen et al., 2023).

4. Conclusions

Nisin-loaded fucoidan particles were prepared by the complexation
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method. Anionic fucoidan and cationic nisin self-assembled by electro-
static interactions. For the complex formation, the importance of
hydrogen bonding and hydrophobic forces was also revealed. The

formation of complexes was shown by FT-IR spectroscopy. The analysis
of thermal properties by thermogravimetric and differential scanning
calorimetry also demonstrated the interaction between fucoidan and
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Fig. 8. Analysis of bacteria sensitivity to nisin-loaded fucoidan particles. The
inhibitory activity of encapsulated nisin was tested in an agar-diffusion assay by
measuring growth inhibition zones. Free nisin concentration was 0.2 and 0.4
mg/mL. Nisin-loaded fucoidan particles were prepared using the same con-
centration of nisin.

nisin. The particles were stable for four weeks in storage at 4 °C. The size
and zeta potential of the particles did not change significantly. Nisin
complexed with fucoidan preserves its antimicrobial activity. Therefore,
the application of fucoidan for the encapsulation of nisin is promising.
The formulation of nisin using fucoidan could be used in the food in-
dustry for biopreservation.
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