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Abstract: The aim of the study was to obtain alginate oligosaccharides by using two degradation
methods of sodium alginate (SA): with hydrochloric acid (G—guluronate, M—mannuronate and
G + M fractions) and hydrogen peroxide (HAS—hydrolyzed SA), in order to assess and compare
their biological activity and physico-chemical properties, with an attempt to produce gels from
the obtained hydrolysates. The efficiency of each method was determined in order to select the

fastest and most efficient process. The ferric ion reducing antioxidant power (FRAP), the ability to

check for

updates scavenge DPPH free radicals, rheological properties, Fourier Transformed Spectroscopy (FTIR) and

the microbiological test against Escherichia coli and Staphylococcus aureus were performed. In order
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to check the functional properties of the obtained oligosaccharides, the texture profile analysis was
assessed. The hydrolysis yield of acid SA depolymerization was 28.1% and from hydrogen peroxide
SA, depolymerization was 87%. The FTIR analysis confirmed the degradation process by both tested
methods in the fingerprint region. The highest ferric reducing antioxidant power was noted for

Alginate Oligomers Obtained by Acid
HSA (34.7 pg), and the highest hydroxyl radical scavenging activity was obtained by G fraction

and Oxidation Depolymerization.

Polymers 2021, 13, 2258. https:// (346 ng/Trolox ml). The complete growth inhibition (OD = 0) of alginate hydrolysates was 1%. All

doi.org/10.3390/ polym13142258 tested samples presented pseudoplastic behavior, only HSA presented the ability to form gel.
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1. Introduction

Publisher’s Note: MDPI stays neutral . . . il e .
Y Polysaccharides are frequently subjected to certain modifications in order to enhance

their capability to be applied in medical, engineering or food technologies. There are
several methods to modify them, such as oxidation, reduction, esterification, cross-linking
or hydrolysis, whereby the following compounds with the desired properties may be
obtained. However, chemical modification of the polysaccharides is not specific, in contrast
to enzymatic modification, which is characterized by high specificity of action [1].

- The worldwide interest in oligosaccharides has increased since they were classified
as prebiotics. Indigestible carbohydrates, in contrast to digestible carbohydrates, are not
digested in the gastrointestinal tract. These include certain oligosaccharides and polysac-
charides [2]. The effect of undigested carbohydrates may be present in three stages: (1) they
may become intact to a large intestine, (2) selectively stimulate the intestinal microflora,
Attribution (CC BY) license (https:// and (3) exert beneficial effects on the body. .Such carbohydrates are referl.‘ed to as prgbiotics
creativecommons.org licenses /by/ and have a number of beneficial properties for the human body. Oligosaccharides, as
10)). prebiotics, may be functional food ingredients, reduce the intestinal pH, inhibit the growth
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of pathogenic microorganisms, improve the lipoprotein profile, facilitate the absorption of
minerals, etc. [3].

Oligosaccharides are compounds of low molecular weight (My) composed of 2—
10 monosaccharide units. They may naturally occur in foods or may be prepared by the
synthesis of disaccharides or by the hydrolysis of polysaccharides. Oligosaccharides can
be obtained from fungi, bacteria, algae and higher plants. Oligosaccharides” properties
vary depending on the monosaccharide composition, molecular weight and chemical
properties. These characteristics are directly related to the natural source from which they
are extracted, as well as the presence of contaminants. They may be obtained by various
methods, but those naturally available in the raw material need to undergo an extraction
process. This can be carried out by dissolving the substrate in methanol or another alcohol
solution and water. They can also be obtained by synthesis, which requires specific en-
zymes and controlled conditions. The synthesis process is expensive, difficult to reproduce
on a larger scale and provides low yield [2]. The oligosaccharides can also be obtained
by the depolymerization of polysaccharides. The production of oligosaccharides by this
method is simpler, less expensive, and reproducible on an industrial scale. This treatment
is most often carried out in order to change the physical properties of alginate, primarily a
decrease in My, which significantly improves its functional properties. Changing the three-
dimensional structure of alginate, which affects its mechanical strength, demonstrated
physiological and rheological properties, e.g., stability, viscosity, solubility in solutions
and hydrophobicity, and can also lead to the improvement of the reactive properties of
the compound [4,5]. Generally, sodium alginate is used in the food and beverage industry
as a stabilizer, thickener in the preparation of drinks, ice cream, and jelly, as well as an
encapsulation material of yeast cells in ethanol production. Unfortunately, sodium alginate
does not possess biological activity which could expand its functional applications [5].
Sodium alginate oligosaccharides formed during the depolymerization process generally
do not have the ability to form gels; however, they are characterized by other important
biological activities. They affect the growth and rapid development of human cells, in-
cluding epidermal cells, and prevent the occurrence of oxidative stress. They the promote
growth of plants such as rice, lettuce, wheat, and tobacco. Sodium alginate oligomers
have antimicrobial properties, are destructive to multi-drug-resistant bacteria, and are
therefore used in the production of antibiotics. They contribute to the disturbed fungal
growth of Aspergillus and Candida [6]. The health benefits of alginate oligosaccharides, such
as immunomodulatory, antitumor, antioxidant, prebiotic, antidiabetic, antihypertensive
activities and other miscellaneous bioactivities, were documented [7].

Therefore, depolymerization was recognized as the best method for producing algi-
nate oligosaccharides. There are three popular hydrolysis methods of polysaccharides:
enzymatic, physical and chemical.

Physical methods for alginate degradation are temperature, gamma, ultraviolet, ultra-
sound treatment or microfluidization. As a result of the interaction of physical factors on
the alginate solution, the bond between the C1 and C4 atoms breaks, and thus, oligomers
are formed. The use of microwaves, ionizing radiation, UV and ultrasound allows the
disintegration of polysaccharides into oligomers without the interaction of strong chemical
reagents. It is unnecessary to use any additives or to control environmental conditions
and temperatures in the application of physical methods. The resulting depolymerization
compounds are free of impurities and chemically pure [8,9].

The enzymatic hydrolysis of polysaccharides is a good choice due to the greater
production of oligosaccharides. The obtained oligomers have appropriate molecular weight
with the minimum amount of adverse final products as a result of chemical modification.
Endo- and exo-enzymes used in that process are produced by microorganisms (bacteria and
fungi). The disadvantages of this process include the possibility of microbial contamination,
which needs to be removed, increasing costs. In addition, the buffer must be used, which
reduces the purity of the final product. However, the efficiency and quality of the enzyme
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used depends on the adjustment to the environment, which consists of pH, temperature
and the composition of the medium [2].

Chemical hydrolysis is a simple and cheap method, and the process is easy to con-
duct. The sulfuric, hydrochloric and trifluoroacetic acids and sodium periodate and
hydrogen peroxide are the most common acids used in the polysaccharides’ degrada-
tion process [10-12]. The process normally occurs at higher temperatures above 60 °C
and the reaction time varies between 2-6 h. However, acid hydrolysis may have certain
disadvantages, such as the formation of toxic substances, degradation of monosaccharides
and production of oligosaccharides with low efficiency. Besides, the chain length of the
oligosaccharides may vary; therefore, it is necessary to monitor the reaction conditions,
such as: the concentration of acid used, time, temperature, pH and conducting preliminary
studies [2].

The aim of the study is to produce alginate oligomers with bioactive properties,
keeping some of the functional alginate properties at the same time, by two commonly
used depolymerization methods: acid and oxidation, and compare these methods.

2. Materials and Methods
2.1. Materials

Sodium alginate extracted from Laminaria digitata (particle size max. 5% > 400 um, M:G
ratio = 1.4) was supplied by Danisco, Grindsted, Denmark. 2,4,6-Tris(2-pyridyl-s-triazine)
(TPTZ) was obtained from Honeywell, Seelze, Germany. 3-hydrate of sodium acetate and
2,2-diphenyl-1-Picrylhydrazyl (DPPH) were obtained from Sigma Aldrich, Poznan, Poland.
Iron (IT) hexahydrate and acetic acid were supplied by Chempur®, Piekary Slaskie Poland.
Hydrogen peroxide (30%) was obtained from POCH Basic. Ethanol (96%), calcium chloride,
hydrochloric acid (min. 36%) and sodium hydroxide were supplied by PP.H. “STANLAB”
Sp. J., Lublin, Poland.

2.2. Alginate Depolymerization
2.2.1. Preparation of Alginate Oligosaccharides by Acid Hydrolysis

This method is based on the partial acid hydrolysis of sodium alginate (SA) and it
was performed following the methodology described by Falkeborg et al. [13]. An aqueous
solution of sodium alginate (SA) (1% w/v) was prepared by dissolving sodium alginate in
distilled water and stirring for 24 h using the mechanical stirrer R 50 CAT (Ballrechten-
Dottingen, Germany) at 400 RPM. A total of 9 mL of 3 M hydrochloric acid (HCI) was added
to 300 mL of SA solution to hydrolyze heteropolymeric fractions. Such a prepared sample
was heated in a water bath (Julabo TWS, Seelbach, Germany) for 20 min at 100 °C and
cooled to room temperature. The cooled solution was centrifuged (Centrifuge MPW-351R,
Warsaw, Poland) at 10,000 g for 20 min. The obtained precipitate containing a mixture of
heteropolymeric and homopolymeric fractions was suspended in 300 mL of 0.3 M HCI and
heated in a water bath for 2 h at 100 °C and cooled to room temperature. The solution was
centrifuged at 10,000 g for 20 min and precipitate was neutralized with 1M NaOH and only
contained the mixture of homopolymeric fractions. At this step, the sample containing
mannuronic and guluronic acid (M + G) was collected. To separate mannuronate- (M)
and guluronate- (G) rich fractions, the obtained solution was adjusted to pH 2.85 £ 0.05
with 1M HCI, at which polyguluronate is insoluble and polymannuronate is soluble. The
sample was centrifuged at 10,000 g for 15 min and the soluble M fraction and insoluble G
fraction were collected, and both were neutralized with 1M NaOH. To increase the purity of
fractions M and G, they were re-adjusted to pH 2.85 £ 0.05 with 1M HCI, centrifuged and
neutralized as described above. Fractions were precipitated using ethanol (ethanol:fraction
ratio 2:1, v/v), washed with ethanol and dried at 30 °C for 20 h (Memmert 400, Biichenbach,
Germany). The obtained fractions (M + G, M, G) were stored as powder.
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2.2.2. Preparation of Alginate Oligosaccharides by Oxidation with Hydrogen
Peroxide (H,O,)

The oxidation of SA was carried out using the method described by Li et al. [14]
with modifications. This method is based on the oxidation of sodium alginate by using
hydrogen peroxide. An aqueous solution of sodium alginate (2% w/v) was prepared by
dissolving SA in distilled water and stirred for 24 h on the mechanical stirrer R 50 CAT
(Ballrechten-Dottingen, Germany) at 400 RPM. The oxidation process was performed on the
magnetic stirrer ECM CAT (Ballrechten-Dottingen, Germany) at 600 RPM. To 150 mL of 2%
AS solution, 150 mL of 10% hydrogen peroxide was added and stirred for 210 min at 25 °C.
The obtained solution of hydrolysate of sodium alginate (HSA) was freeze dried using
FreeZone 18L (Labconco, Kansas City, USA) and after that, stored as lyophilized powder.

2.3. Hydrolysis Yield

To determine the yield of the process, the mass of used substrate and obtained hydrol-
ysis product were weighted with an accuracy of 0.001 (Adventurer TM). The yield of the
process was calculated using the equation shown below:

J0Yield = my, /mg 100 1)
where mp—mass of the obtained product, ms—mass of the used substrate.

2.4. Reducing Sugar Assay and the Degree of Polymerization Calculation (DP)

The reducing sugar content was determined using 3,5-dinitrosalicylic acid (DNS)
according to Sun et al. [15]. The sample was mixed with DNS reagent in a 2:1 ratio and
heated for 10 min in boiling water. After cooling to room temperature, the absorbance
was measured using a UV spectrophotometer UviLine 9400 (SI Analytics, Mainz, Ger-
many) at the wavelength 540 nm. The reducing sugar content (RSC) was calculated by the
following formulas:

RSC = ((Asgp + 0.020)/0.554)/0.227 2)

where Asgp—absorbance at 540 nm.
Then, the degree of polymerization (DP) was calculated by following equation:

DP = (RSC + 0.136)/1.085 @)

2.5. Fourier Transform Infrared Spectrometry

Infrared spectra were registered in a Shimadzu spectrometer (ATI Mattson, Kyoto,
Japan). The transmission spectra were collected at 2 cm ™! resolution and by 64 scans,
directly on films with a golden bridge reflexion apparatus.

2.6. Rheological Characterization of Alginate Oligosaccharides

Rheological properties were assayed using a Haake RheoStress RS6000 rotary vis-
cometer (Thermo Scientific, Karlsruhe, Germany) following methodology described by
Zimoch-Korzycka et al. [16] with modifications. The samples were 1% aqueous solutions
of the tested oligosaccharides. Measurement was performed at a constant temperature
(25 °C), using a cone sensor (C60/1° Ti L, diameter 20) and measuring plate (TMP60 Steel
18/8) in linear distribution CR mode. The tested samples were conditioned for 3 min at
25 °C. The shear stress was determined as a function of shear rate at the range from 0
to 100 s—! following the program: 50 s to obtain maximum shear rate, 20 s at maximum
shear rate, 50 s to achieve a shear rate of 0 s~!. Flow curves were described following
Herschel-Bulkley’s and Ostwald de Waele’s rheological models. Apparent viscosity was
determined at shear rate of 100 s~ 1.
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The power model of Ostwald de Waele is a simple, two parameter model and it
describes the flow curves of the tested medium:

T=kxy" 4)

or
Na =k xy™! ()

where tT—shear stress (Pa), k—consistency index (Pa- s), y—shear rate (s -1, n—flow
behavior index (-), 1x—apparent viscosity (mPa-s).

The Herschel-Bulkley’s model is a simple model of flow curves for nonlinear vis-
coelastic fluids. Parameters describing this model are: Ty, k, n.

T=T9+k X y" (6)
where 1p—yield stress (Pa).

2.7. Antioxidant Properties of Alginate and Alginate Oligosaccharides
2.7.1. Ferric Reducing Antioxidant Power (FRAP)

The ferric reducing antioxidant power was determined using the Benzie and Strain
method [17]. Analysis was performed by adding 3 mL of working solution (basic solutions
ratio: 1A:1B:10C) with 1 mL of 0.1% aqueous solution of the tested sample. The basic
solutions were: A (1 mM TPTZ; 40 mM HCI), B (20 mM FeCl; x 6H,0), C (0.3 mM acetate
buffer pH 3.6; 3.1 g C;H3NaO; x 3H,0 and 16 mL of acetic acid made up with water to
1000 mL). After 10 min of incubation in the dark and at room temperature, absorbance at
a wavelength of 593 nm was measured using a UV spectrophotometer UviLine 9400 (SI
Analytics, Mainz, Germany) in plastic cuvettes. The control sample was a mixture of 3 mL
of working solution and 1 mL of distilled water. The results were calculated according to
calibration curve and expressed as pM Fe2t/ mL).

2.7.2. Free Radical Scavenging Activity (DPPH)

Free radical scavenging activity was determined by the method of Yen and Chen [18].
Tested samples were dissolved in water (0.1% w/v). The working solution was 0.3 mM
ethanol solution of DPPH radicals. To determine free radical scavenging activity, 1 mL
of the tested sample was mixed with 0.5 mL of freshly prepared working solution and
1 mL of ethanol. The mixture was shaken and incubated at room temperature in the dark
for 30 min. Absorbance was measured in plastic cuvettes using a UV spectrophotometer
UviLine 9400 (SI Analytics, Mainz, Germany) at a wavelength of 517 nm. The reference
sample was 1 mL of distilled water mixed with 0.5 mL of working solution and 1 mL of
ethanol. Antioxidant activity was calculated from calibration curve as the amount of Trolox
needed to neutralize 0.3 mM of free DPPH radicals.

2.8. Antimicrobial Assay

The antimicrobial effect was tested by the broth microdilution method against Es-
cherichia coli (PCM 2560) and Staphylococcus aureus (PCM 2602). The microorganism strains
were obtained from the culture collections of the Institute of Inmunology and Experimen-
tal Therapy (Polish Academy of Sciences in Wroclaw). The method was performed as
described previously by Algahtani et al. [19] with modifications. The microorganisms were
grown on Mueller-Hinton Broth (MHB) (Merck, Poznan, Poland) for 18 h at 37 °C and
adjusted to 1 on the McFarland standard. Then, 10 uL of the bacterial broth suspension
was inoculated into each well containing 10 pL of SA, M, G, M=G and HSA in 230 uL of
MHB and again incubated for 18 h at 37 °C. Bacterial growth was measured every 0.5 h
using a microplate reader (Bioscreen C, Growth Curves USA, Piscataway, NJ, USA) set at
an optical density (OD) of 600 nm for 48 h.
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2.9. Gel Preparation from Alginate Hydrolysates

To prepare gels from obtained hydrolysates, 1% (w/v) aqueous solutions were prepared
from each sample. The obtained solutions were stirred on the mechanical stirrer R 50
CAT (Ballrechten-Dottingen, Germany) for 60 min at 400 rpm and poured into the semi-
permeable plastic cylinder-shaped casings after. To carry out gelation process casings
were dipped in 0.5 M calcium chloride solution. After 24 h, obtained gels were sliced in a
cylindrical shape with height of 1.5 cm and diameter of 2.5 cm.

2.10. Texture Profile Analysis (TPA) of Hydrolysed Alginate Gels

Texture profile analysis was carried out on the Z010,(Zwick Roell, Ulm, Germany)
texturometer for destructive deformation (75%)—gels were compressed twice with a relax-
ation time of 30 s. Samples were cylindrical shaped with heights of 1.5 cm and diameters of
2.5 cm and placed between parallel flat plate fixtures fitted to a TA. XT2 Texture Analyzer
(Stable Micro Systems, Surrey, UK) interfaced with a computer. All samples were tested at
room temperature. As a result, the following parameters were computed [20]: hardness
(Hd) was defined as the maximum force during the first compression cycle (N); springiness
(Sp) was the distance that the head travels during the second compression cycle (mm); co-
hesiveness (Coh)—the ratio of the work performed during the second compression cycle to
the work recorded during the first compression of the sample (dimensionless); gumminess
(Gu) was defined as the product of hardness and cohesiveness (N) and chewiness (Ch) was
defined as the product of gumminess and springiness (N x mm).

2.11. Statistical Data Analysis

Statistical data analysis was performed using Statistica 12 (StatSoft, Krakow, Poland)
by examining the influence of differentiating factors on the tested characteristics determined
in the experiment. For this purpose, a variance analysis was used, where the differences
between the meanings were determined by the Duncan test with significance level p < 0.05.

3. Results and Discussion
3.1. Hydrolysis Yield

The yield of the hydrolysis process is influenced by many alginate features, including
composition, the sequence of individual monomers and the Myy of the alginate copolymer,
which varies and depends on the source or species from which the alginate is derived.
Compared with the 28.1% of yield generated from the depolymerization of SA with hy-
drochloric acid, the yield increased to 87%, generated from the depolymerization of SA
with hydrogen peroxide (Figure 1). The hydrogen peroxide caused the detachment of
hydrogen atoms from the glycosidic bonds of alginate, rearranging the molecular struc-
ture and breaking glycosidic bonds [21]. The fractionation process of oligomers obtained
by acidic hydrolysis resulted in obtaining yields of 10.3% and 18.2% for G and M blocks,
respectively (Figure 1). Falkeborg et al. used acid hydrolysis to obtain the mannuronate- and
glucuronic-rich fractions. They showed that 200-300 mg of polyglucuronate and 270-370 mg
of polymannuronate can be isolated from 1000 mg of sodium alginate (Grindsted® Alginate
FD 170) [13]. Fenoradosoa et al., also conducted a partial hydrolysis of 1 g of sodium
alginate obtained from brown algae of the Sargassum turbinarioides with hydrochloric acid,
and obtained yields of individual fractions equal to: 30% G, 40% M and 12% M/ G [22].
The content of G blocks in commercially available formulations varies between 14.0 and
31.0% [23]. In acid hydrolysis, it is difficult to achieve 65-70% yield [24]. Hydrolysis with
acid required a longer reaction time and control of the condition parameters and the yield
was lower than by the oxidation method.
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Figure 1. Hydrolysis yield of acidic (G, M and M + G) and oxidation (HSA) depolymerization products of sodium alginate.
Results are expressed as the mean =+ standard error. Values with different letters (a—d) within the same column differ

significantly (p < 0.05).

Mao et al. noted that the alginate depolymerization with HyO, occurs in the first hour
of reaction and the molecular weight of the depolymerized alginate decreases mainly at
20-30 ° C and further at 40 ° C. An increase in HyO, concentration results in a gradual
decrease in M. The optimal pH range is 5-7. There are no changes when the pH rises
to 8 [25]. The rate of depolymerization decreases with further pH increase [26]. Li et al.
obtained depolymerized sodium alginate at 50 °C with 0.6% H,O, after the first hour of
reaction. The molecular weight of alginate decreased from 254.5 kDa to 140.9 kDa [14]. The
most likely alginate degradation mechanism by oxidation is the breakage of the glycosidic
bonds [25]. Very reactive free radicals are formed as the result of alginate metal ions’
decomposition of HyO,. Strong oxidizing properties of the resulting free radicals can cause
the isolation of hydrogen atoms in the alginate glycosidic bonds, destroying them. It causes
the formation of an aldehyde group in the new reducing end and oxidation to a carboxyl
group [14].

3.2. Reducing Sugar Assay and the Degree of Polymerization Calculation (DP)

The results of reducing sugar content and the degree of polymerization are presented
in Table 1. The significant changes after both methods of hydrolysis were noted. The na-
tive sodium alginate had the lowest RSC—2.56%—and the highest RSC was noted for the
M-fraction—30.02%—which is inversely proportional to the value of DP. The linear relation-
ship between reducing sugar concentration and DP was confirmed by Sun et al. [15]. The
number of saccharide units is under 20, which confirms the obtainment of oligoalginates.

Table 1. Reducing sugar content and the calculated degree of depolymerization of native and
hydrolysated alginate.

Variants
SA G M M+G HSA

RSC (%)  25634+002 25749 +006 30.02¢+008 2097°+008 18.95P+0.06
DP (1) 4028€+£034 419P4+001 3602 +£001 514°+£002 5689 +002

27 values with different letters within the same column differ significantly (p < 0.05).

Parameters
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3.3. FTIR

Spectroscopic analysis was performed to confirm if alginate changed after the de-
polymerization processes, and the results are presented in Figure 2. The transmittance
peaks of sodium alginate, which appear at 3234, 1612 and 1086 cm 1, are attributed to
hydroxyl, C-O-O~, and C-O-C groups, respectively. The carboxyl groups do not change
after degradation, which is why the peak at 1612 cm~! for SA was taken as the reference
one. Some weak bands at 1297cm ! may be due to C~-C-H and O-C-H deformation, and
the band at 1029 cm~! may be also assigned to C-O stretching vibrations. The increase in
the absorption band around 2926 = 20 and 2840 4 20 cm ! could be due to new chain ends,
in correlation with the bands in the fingerprint region around 1430 and 1370 cm ™! [27].
The partially degraded alginates: G, M, G + M, HSA present different characteristics in the
fingerprint region (1200~750 cm~!). The decrease in the peak ratio of the C-O-C group
compared to the reference one was observed. According to Mao et al. when glycosidic
bonds are breakage, the decrease in the ratio may be seen after HyO; treatment [25]. The
absorption ratios Ajpgs/A1e12 Were: 0.8869, 0.8044, 0.8052, 0.8365 and 0.8576 for SA, G,
M, G + M and HSA, respectively. It was proved that Myy is in linear correlation with
the absorption ratio Ajggs/A1612 [25]. The spectrum of G + M and M look similar to the
SA but changed slightly in the fingerprint region. The C-O stretching vibration of the
carboxylate group is moved to 937 cm~! compared to G + M and SA. The spectrum of the
G fraction presents the C-O stretching vibration at 943 cm™!. Absorption peaks at 806 and
777 cm™! are attributed to deformation vibrations of COH, CCH and OCH moieties in the
a-L-guluronic acid residues, with contributions of the bending deformation vibration of
the C-O-C glycosidic linkage in homopolymeric blocks [28]. The HSA spectrum showed
additional bands at 1337 and 777 cm ™!, which are assigned to the skeletal vibration and
deformation vibration, respectively.

3.4. Rheological Characterization of Alginate Oligosaccharides

The flow properties obtained for all the variants using the Ostwald de Waele and the
Herschel-Bulkley’s models are shown in Table 2. An example of flow curves and yield
stress of SA and HSA are presented in Figure 3. All tested samples presented pseudoplastic
behavior, because n < 1. In consequence, each sample exhibited non-Newtonian behavior.
When the molecules align at high rates of deformation, apparent viscosity is reduced
and pseudoplastic behavior occurs [29]. The flow behavior index for sodium alginate
solution was 0.918, and Ma obtained the n = 0.898 for a 1% solution of sodium alginate [30].
The increase in polymer concentration causes an increase in pseudoplasticity, which is
reflected by a decrease in the value of the flow index n. The flow index is not sensitive to
temperature changes [31]. The lowest flow behavior index was shown by the M fraction
and the highest for HSA. The differences were significant statistically (p < 0.05), but there
was no difference between SA and HSA, as well as G and M + G. Taherian et al. noticed
that higher concentrations of polysaccharides cause a reduction in the flow behavior index
(n) and increase in the flow consistency index (k). It means that the contact between
the polymer chains in diluted solutions limits the fluid flow [32]. With an increase in
the concentration of sodium alginate, the coefficient of consistency k increases [30]. The
coefficient of consistency k gives an idea of the viscosity of the solution [33]. An increase in
fluid viscosity causes an increase in k-value [34]. This is the reason why the statistically
significant results were the same for both parameters (p < 0.05). There was no significant
difference between all hydrolyzed samples. The different characteristics of the flow curves
are dependent on the variable relationship between viscosity and shear rate [35]. The
apparent viscosity decreases with increasing shear rate [30]. The apparent viscosity of
hydrolyzed samples was significantly reduced in comparison to the basic sodium alginate
solution. The reduction in viscosity was from the highest value, 261 mPas for SA, to the
lowest value, 2 mPas for the M fraction. It was already noted, the higher My, alginate
solution presents higher viscosity than lower Myy at the same concentration. However, the
correlation between solution viscosity and My does not exist for microbial alginates [7].
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Solutions of 0.1% sodium alginate show low viscosities at a shear rate above 10 s !,
indicating no intermolecular interaction due to electrostatic repulsion [36]. The decrease
in viscosity may contribute to an increase in intermolecular distances due to thermal
expansion with increasing temperature [37]. The structural viscosity index increases as
the molecular weight of sodium alginate is increased [38]. The disruption of the sodium
alginate chain may be a major factor in reducing the apparent viscosity with increasing
shear rate. As Nelson et al. pointed out, the yield stress and viscous effects from a steady
shear flow experiment are key properties of structured fluids [39]. The yield stress was
reduced after the partial degradation of alginate and the statistical difference between
samples before and after treatment was noted (p < 0.05). The lower viscosity of alginate
may be an advantage in industrial application. Mixing high My, alginate with low My
alginates can be a way to control and obtain desire viscosity, which is easier to apply.
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Figure 2. FTIR spectrum of sodium alginate (SA) and acidic (G, M and G + M fractions) and oxidation (HSA) depolymeriza-

tion products.
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Table 2. Flow properties.

Ostwald de Waele Model Herschel-Bulkley’s

Model Apparent Viscosity
Variants - - - n
Consistency Flow Behavior Yield Stress Ty
(mPaes)
Index k (Pa-s) Index n (-) (Pa)
SA 0.3342 £0.017 0.9182 £ 0.066 0.0302 £ 0.003 261.140 2 + 6.025

G 0.009 b + 0.003

M 0.003 P + 0.002
M+G 0.004 ® + 0.002
HSA 0.017® + 0.002

0.869 20 + 0.123
0.742b 4+ 0.050
0.822 3P 4 0.039
0.9552 + 0.025

0.005 b + 0.002
0.002 b + 0.001
0.003? + 0.002
0.006 b + 0.002

3.580 P + 1.032
2330 + 0.250
4.130° +0.191
15.010 b + 0.302

T[Pa]

0

T[Pa]

0.8
0.6
0.4

0.2

A y=0.32800%

20

C y=0.019x"%2

ab yalues with different letters within the same column differ significantly (p < 0.05).
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o
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w
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Figure 3. Flow curve (A) and yield stress determination (B) of SA and flow curve (C) and yield stress determination (D)

of HSA.

3.5. Antioxidant Properties
3.5.1. Ferric Reducing Antioxidant Power (FRAP)

Previous studies have confirmed the fact that alginate has antioxidant properties, and
these properties are compounded by breaking the chains of this polymer [40,41].

The highest ferric reducing antioxidant power was noted for HSA (34.7 ug), and the
lowest for fractionated M blocks and G + M mixture (14.7 pg and 15.0 pg, respectively)
(Figure 4). Fawzy et al. indicated that the molecular weight and M/G ratio are key factors
affecting the reducing capacity of sodium alginate extracts after alkali treatment. The
alkaline pH may enhance the antioxidant properties of alginate [42]. in the lowest My
and G/M ratio, the highest radical scavenging activity can be obtained [41]. Additionally,
Kelishomi et al. confirmed the higher antioxidant potential of alginate upon a decrease
in molecular weight [43]. In our study, the hydrolysis significantly improved the ferric
reducing antioxidant power of tested samples compared to native sodium alginate. The
degree of polymerization was 3.60, 4.19, 5.14 and 5.68 for M, G, M + G and HSA, respectively,
which suggest their lower molecular weight which is in agreement with Kelishomi et al. [43].
The ferric reducing antioxidant power of the sodium alginate derivatives depends as well
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FRAP [ug Fe/ml]
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a1

on temperature and pH. However, Falkeborg et al. noted that the alginate oligosaccharides
(AOs) prepared by alginate lyase present the insignificant ferrous ion chelating activity of
AOs, which is insignificant from a food preservation point of view [13].

d
C

b b

= =
a
-

SA G M G+M HSA
Hydrolyzates

Figure 4. Ferric reducing antioxidant power of acidic (G, M and M + G) and oxidation (HSA) depolymerization products of

sodium alginate-control (SA). Results are expressed as the mean =+ standard error. Values with different letters (a—d) within

the same column differ significantly (p < 0.05).

3.5.2. Free Radical Scavenging Activity (DPPH)

DPPH free radicals have a stable violet color in polar solutions, while in contact
with the antioxidant, they discolor after the capture of the hydrogen atom, becoming non-
radical. Figure 5 shows the free radical scavenging activity of origin sodium alginate, acidic
fractionated (G, M and M + G fractions) and depolymerized by oxidation (HSA). The G
fraction showed the highest hydroxyl radical scavenging activity (346 pg/Trolox ml). The M
fraction (330 pg/Trolox ml), the mixture of M+G (330 pg/Trolox ml), as well as hydrolysates
obtained after alginate oxidation (318 pg/Trolox ml) had significantly lower antioxidant
potential than the G fraction. (p < 0.05). The lowest radical scavenging effect on the DPPH
free radical was presented by origin SA (297 ug/Trolox ml). The results are in accordance
with Sari-Chmayssem et al., who observed the higher hydroxyl radical scavenging activity
for the PolyG fractions in the highest tested concentration (~92%) and this activity was
comparable with those of standard antioxidants. They concluded that rotation around the
glycosidic linkage, which is responsible for G blocks’ flexibility, was hindered by « (1-4)
glycosidic linkage in the G blocks, causing their stiffness and influencing the availability
of sodium alginate hydroxyl groups [44]. The possible antioxidant mechanism of sodium
alginate proposed in the literature is the result of the hydrogen atom transfer and double
bond formation by depolymerization between C-4 and C-5 in time [43]. Sen confirmed that
the radical scavenging efficacy is related to the G content. The lower the G-block content,
the lower the antioxidant capacity [45].

3.6. Antimicrobial Activity

The antimicrobial activities of native (SA) and depolymerized alginate (G, M, M + G
and HSA) in liquid medium were assessed on Staphylococcus aureus and Escherichia coli
strains. Figure 6 shows the growth curves of (A and B) S. aureus and (C and D) E. coli in
the absence and presence of SA, G, M, G + M and HSA in the concentration of 0.5% and
1%. Native (SA) and depolymerized alginate (G, M, M + G and HSA) at a concentration of
0.5% did not inhibit the growth of Staphylococcus aureus and Escherichia coli. Under these
conditions, alginate oligomers merely limited the growth of the tested strains (expressed as
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optical density). The AOD ion these conditions was in the range of 0.2-0.8, while in the
control cultures, this parameter was 1.2-1.3. The complete growth inhibition (OD = 0) was,
however, observed in the presence of 1% native, as well as depolymerized alginate. Hu et al.
tested the antibacterial activity of depolymerized alginate and found out the M fractions
showed higher antibacterial activities than the G fractions. Smaller molecules of the M
fraction are easier to pass through bacterial envelopes to obtain the antimicrobial effect [46].
Simultaneously, the antimicrobial effects of the alginate oligomer OligoG CF-5/20 against
Gram-negative bacteria was confirmed by Pritchard [47].

360
350 d

340
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320
310
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—

DPPH [pg Trolox/ml]
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SA G M M+G HSA
Hydrolyzates
Figure 5. Free radical scavenging activity of acidic (G, M and M + G) and oxidation (HSA) depoly-

merization products of sodium alginate (SA). Results are expressed as the mean =+ standard error.
Values with different letters (a—d) within the same column differ significantly (p < 0.05).
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Figure 6. Growth curves of Staphylococcus aureus in the presence and absence of acidic (G, M and M + G) and oxidation
(HSA) depolymerization products of sodium alginate (SA) in the concentration of 0.5% (A) and 1% (B). Growth curves of
Escherichia coli in the presence and absence of acidic (G, M and M + G) and oxidation (HSA) depolymerization products of
sodium alginate (SA) in the concentration of 0.5% (C) and 1% (D). Points are means of three measurements.
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3.7. TPA

The texture profile analysis imitates the action of the jaw, and based on the force-time
curve obtained after analysis, several textural parameters, which correspond with sensory
evaluation [20]. The alginate molecule is a linear copolymer, composed of two types of
monomers: x-L-guluronic acid (G) and -Dmannuronic acid (M). Monomer molecules
are epimers and have reverse spatial arrangement in the position of carbon C5. In the
presence of divalent metal ions, such as BaZ*, CaZ*, Mg2+, Sr?*, a strong interaction with
the COO™ groups of guluronic acid of alginate chains is formed, resulting in a gel structure
called “egg box”. The participation of individual blocks and their distribution in alginates
determine the textural properties of the gels made of them. Rigid and brittle gels are made
of alginate with a high content of G-blocks, while alginates with a high content of M blocks
make it possible to obtain gels that are weak, elastic, and prone to deformation, but retain
water. As with other polysaccharides, differences in the properties of alginates also depend
on their molecular weight and degree of polymerization [48]. It is well known that the
gel-forming ability of alginates depends on the presence of homopolyguluronic acid chains.
This is the reason why only AS and ASH were capable of forming a gel structure and were
subjected to examination of the texture profile (Table 3). Despite the addition of calcium
chloride, the M and G fractions did not develop a stable gel structure. In the G fraction,
only local agglomerates were observed, but were not stable. The M and G fractions, as well
as M + G, may be used as enrichment preparates with strong antioxidant and antibacterial
properties even if they lost their gelling ability. The significant differences between SA and
HSA were noted for each tested textural parameter: hardness, springiness, cohesiveness,
gumminess and chewiness (p < 0.05). The hardness of the SA gel became lower after HyO,
treatment, from 71.25 to 13.68 N. The cohesiveness of the formed gels was between 0.16 and
0.40 for HSA and SA, respectively. The low value of the cohesiveness means that obtained
gels are more plastic than elastic, which is a desirable feature in designing easy-to-chew
food. The springiness or elasticity of tested gels lowered after controlled depolymerization
from 0.46 to 0.42 mm. This means that both gels possess a low elastic property, which was
also confirmed by the result of springiness. When the gumminess of the gel is higher, the
hardness becomes higher too. It was found that when the gumminess and chewiness of the
gel are lowered, the hardness of the gel is also decreased. A similar effect was noted by other
authors [49,50]. Larsen et al. studied the influence of the molecular weight and alginate
concentration on the gel formation and noted that degraded alginate by autoclaving from
257 kDa to 70 kDa caused a higher gelling rate. Authors explained My, dependency as the
result of the faster availability of shorter chains during gelling [51]. Alginate also formed
gels in low pH of 2.8-4.0, but they are weaker than ionic gels [52]. Park et al. obtained a
gel-like matrix with alginate oligosaccharides to protect the lysosome at low pH. However,
when the pH rose, the alginate oligosaccharides dissolved and released the enzyme [53].

Table 3. Texture profile analysis (TPA) parameters of sodium alginate and alginate.

Variants Hd Sp Coh Gu Ch
(N) (mm) -) (N) (Nxmm)
SA 71253 +£399 0462 +0.01 0402 +002 28503 +246 13113 +1.23
HSA 13682 +1.81 042 +002 016 +001 219P+039 092b+0.20

b yalues with different letters within the same column differ significantly (p < 0.05).

4. Conclusions

The hydrogen peroxide method is easier to prepare due to the absence of acids or
bases, and the reaction time is much shorter—less than 4 h. Compared to acid hydrolysis,
the HSA was obtained with much higher yield after using H,O, degradation. Higher
efficiency may be caused because there is no need to centrifuge, filter and transfer the
solutions several times, which leads to large losses of products during the acid hydrolysis
process. This suggests that the 5% HyO, oxidation method is better for potential industrial
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use. Controlled radical hydrolysis is also a green chemistry process, which is an additional
advantage. The alginate oligosaccharides may be used as an additive to the alginate with
high My, as a way of lowering the viscose and enriching final products with antioxidant and
antimicrobial properties; for example, to stabilize and extend the shelf life of mayonnaise
or Greek yoghurt.
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