Physical and oxidative stability of n-3 delivery emulsions added seaweed-based polysaccharide extracts from Nordic brown algae Saccharina latissima
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1. Introduction
During the past couple of decades, there has been an increasing demand for enriching foods with health promoting (Horrocks & Yeo, 1999; Swanson et al., 2012) long chain polyunsaturated acids (LC-PUFAs) of marine origin, especially docosahexaenoic acid (DHA; 22:6 n-3) and eicosapentaenoic acid (EPA, 20:5 n-3). European Food Safety Authority (EFSA, 2010) recommends that the general adult population consumes 250 mg EPA+DHA, to obtain the health benefits related to a high intake of these LC n-3 PUFA. This corresponds to approximately 200-300 g of fish pr. week. One way of increasing the intake of LC n-3 PUFAs is to enrich foods with fish oil or algae oil. Such an enrichment may be particularly interesting for plant-based foods. . However, due to immiscibility of marine oil with water, enriching foods with marine oil requires the right formulation that can keep the physical and oxidative stability of the delivery systems, also when these are incorporated into aqueous-based foods and beverages. Oil-in-water (o/w) emulsions are widely used as delivery systems for fish oil. However, o/w emulsions are thermodynamically unstable and will separate unless they are stabilized by an emulsifier or a mixture of different emulsifiers, or emulsifiers and stabilizers. 
Alginate can be extracted from brown algae and have the physicochemical properties required to work as emulsifiers in oil-in-water emulsions under the right conditions. The physicochemical properties of alginate are related to the monomers being charged uronides as well as due to the β-1,4 linkages, formed by mannuronic acid residues (M), which give the MM-blocks a linear and flexible structure, while the α-1,4 linkages from guluronic acid residues (G) result in a folded and rigid structure that ensure the stiffness in the alginate chains. The gel-forming ability of alginate is related to calcium ions binding to the GG- and MM-blocks. However, investigations using molecular models, which possess a more extended chair conformation, as compared to the MM-blocks, due to the greater hindered rotation around the glycosidic linkages (Braccini et al., 1999). Binding of ions results in tightly held junctions between aligned GG-blocks. The MG-blocks also participate in gel formation, though forming weaker junctions and thus weaker gels (Pawar & Edgar, 2012).
Other polysaccharides from brown algae can also stabilize emulsions, however not as efficiently as alginate. Fucoidan is a group of sulphated polysaccharides mainly composed of L-fucose and sulphate groups. Addition of fucoidan has been found to improve emulsion stability of multi-layered o/w emulsions (1 wt% fish oil, 0.1 wt% caseinate, 0.1 wt% fucoidan) over a wide pH range, mainly due to their anionic nature (Chang & McClements, 2015). Moreover, fucoidan is reported to possess various biological activities; antioxidant, anti-inflammatory (Dore et al., 2013), and anti-viral effects (Li et al., 2017). Fucoidan is a known reactive oxygen species (ROS) scavenger (Wang et al., 2008; Rodriguez-Jasso et al., 2011; Lim et al., 2014). Laminarins are a class of storage β-glucans only found in brown algae. Laminarins are composed of β-(1,3)-glucan with β-(1-6)-linkages at different ratios and has an average MW of around 5 kD while it can range from 2-20 kD depending on the degree of polymerization (Kadam et al., 2015a). Laminarins are nonionic water-soluble molecules, although the solubility depends on the level of branching (Rioux et al., 2007). Laminarin extracts have been found to have high in vitro 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, which was linked to molecular structure, degree and length of branching and the monosaccharide constituents (glucose and mannitol side chains) (Kadam et al., 2015b).  
Protein-polysaccharide stabilized emulsion systems are widely studied, and since alginate is a common food-grade polysaccharide, several studies have looked at protein-alginate stabilized emulsions. However, few studies have investigated the physical stability when using combinations of polysaccharides to maximize the multifunctional properties of the polysaccharides, e.g. functioning as both an emulsifier and an antioxidant in the emulsion system. Moreover, only few studies have been conducted on high fat (50–70%) n-3 delivery emulsions (Horn et al., 2011; Yesiltas et al., 2017). The advantage of high fat emulsions is that less emulsion is required to obtain high degree of fortification with n-3 PUFAs in enriched food products compared with the use of delivery emulsions with 10-20 % fish oil. However, to obtain high physical and oxidative stability of high fat n-3 emulsions new ingredients with strong multifunctional properties should be developed.
The aim of this study was to evaluate the ability of polysaccharide extracts from brown algae Saccharina latissima to stabilize high-fat (70%) omega-3 delivery emulsions both physically and oxidatively when used in combination with NaCas. The polysaccharide extracts tested were; SA, (98% NaAlg), SF (90% alginate and 10% fucoidan), and, SL (9.5% laminarin and 14.5% fucoidan). The extracts were evaluated against commercial sodium alginate (REF). Four concentrations from 0.1-0.4 wt% (C1-C4, SF only C2) of polysaccharide extracts and a constant concentration of NaCas (0.23 wt%) were evaluated, and a control (CON) only containing NaCas was included. The physical condition of the emulsion was evaluated by creaming index (CI), zeta-potential, oil droplet size distribution and viscosity. The oxidative stability was monitored during 12 days of storage (dark, 20°C) by the formation of lipid hydroperoxides (primary oxidation products) and secondary volatile compounds (e.g. alcohols and aldehydes).

2. Materials and methods
2.1. Raw materials 
Seaweed biomass from brown algae Saccharina latissima (kindly provided by Ocean Rainforest, Faeroe Islands, harvested September 2016) was used for extracting different fractions of polysaccharide. Commercial sodium caseinate (NaCas) was kindly provided by Arla Ingredients (Aarhus, Denmark), and commercial sodium alginate was kindly provided by Dupont (Brabrand, Denmark). Fish oil (cod liver oil) was kindly provided by Maritex-Marine AS (Orre, Norway), and had a peroxide value (PV) of 0.28±0.04 meq O2/kg oil. All chemicals were of analytical grade.

2.2. Extraction of polysaccharides
Three different polysaccharide extracts were obtained as follows; 
SL: aqueous extract with laminarin and fucoidan was produced by mild acidic extraction (pH 6) at 60˚C for 2h. The supernatants were collected and the solution was freeze dried and stored at -80˚C until used. Composition: 10.5 (± 3.2)% glucose, 5.1 (± 0.1) % xylose, 9.7 (± 1.8) % galactose, 16.1 (± 0.5) % fucose, 12.7 (± 0.7) % mannose, 29.8 (± 1.0)% mannitol, 4.3% peptide and a total phenolic content of 10 mg GAE/g freeze dried extract. The laminarin content was based on the total glucose content (CF 0.9), 9.5%, and the fucoidan content was based on the total fucose content (CF 0.89), 14.5%. 
SA: Sodium alginate was produced according to Calumpong et al. (1999), with minor modifications. Briefly, 3 % biomass was soaked in 0.2 M HCl for the formation of alginic acid. Samples were left overnight, washed, and extracted in 2 % sodium carbonate at 99 ºC for 3 h. The extracted sodium alginate was separated from the seaweed biomass by centrifugation, precipitated in 80 % isopropanol, filtrated, and recovered by freeze-drying. Alginate extraction yields were determined by weighing and composition was determined by HPAEC-PAD analysis following a two-step sulfuric acid hydrolysis (Rhein-Knudsen et al., 2017). Composition: 98% sodium alginate (37% GuluA and 49 % ManA).
SF: Enzyme-assisted extraction was used for production of SF, as described by with modifications as described in Dörschmann et al. (2020).  For production biomass was lyophilized and grinded to approximately 0.25-3 mm. 20g seaweed powder was mixed with 200 mL phosphate-citrate buffer pH 6 (51 mM phosphate and 14 mM citrate). 100 mg alginate lyase (undisclosed microbial origin, but previously Sigma-Aldrich presented this enzyme as being derived from Flavobacterium multivorum) and 1 ml enzyme (Cellic®Ctech2, Novozymes) was then added. The enzymatic treatment step was carried out at 40°C and 100 rpm for 48 hours. During the first 20 min the soaked seaweed cake was liquefied by the enzymes. The enzymes were heat-inactivated at 90°C for 10 min in a water bath. The seaweed mixtures were centrifuged 30 min at 19000 rpm and the supernatants collected. The polysaccharides released during the enzymatic treatment were precipitated from the supernatants using 3 times volume of 96% ethanol (v/v=1/3) and incubated over night at 4°C. The precipitates were collected by centrifugation at 4400 rpm for 90 min and re-solubilized in 100 ml H2O for 1 h at room temperature and 220 rpm. The pH was adjusted to 4 using 0.2 M HCl, to precipitate leftover polymers of alginate and centrifuged at 19000 rpm for 30 min. The pH of each supernatant was adjusted to 2 by addition of 0.2 M HCl to precipitate left-over alginate polymers and again centrifuged at 19000 rpm for 30 min (Dörschmann et al., 2020). The supernatant was adjusted to pH 7 by addition of 0.5 M NaOH. The supernatants were dialyzed over 3.5 kD membranes (SnakeSkin Dialysis Tubing, 68035) for 48 h in distilled H2O (exchange water 2 times a day) and lyophilized. Composition: 9.3% fucoidan (fucose, CF 0.9), 89.8% low molecular weight 2-5 kD alginate (23.8% GuluA and 66.0% ManA) and 0.2% laminarin (glucose, CF 0.89). Values given based on hydrated monomer weight.

2.3. Experimental design
70 wt% fish oil emulsions with different polysaccharide extracts (REF, SL, SA or SF) added in combination with NaCas in an aqueous phase were produced. In the emulsions with polysaccharide extracts, the amount of water was reduced corresponding to the amount of polysaccharide extract added. NaCas was used in a concentration of 0.23 wt%. Polysaccharide extract concentrations varied from 0.1-0.4 wt% (C1=0.1, C2=0.2, C3=0.3, C4=0.4 wt%). A control (CON) containing only NaCas (0.23 wt%) was included. SF was only included in one concentration (C2) due to limited amount of SF available. 
The aqueous phases of the emulsions were prepared by dissolving the stabilizers in distilled water by magnetic stirring overnight at 4˚C in darkness. The day after, pH was adjusted to 7.0 with 2M HCl or 2M NaOH. Emulsions were produced in 500g batches in a Stephan Universal mixer (Stephan, UMC5, Hameln, Germany) (Horn et al., 2011).
After the emulsions were produced, Fe2+ (0.03‰ FeSO4·7H2O in deionized water, corresponding to approximately 100µm in the final emulsion) and 0.05% sodium azide were added to the emulsions in order to accelerate oxidation and prevent microbial growth. pH of the final emulsions was 7.
Storage and sampling: Emulsions were divided in portions of 85g and stored in 100 mL blue cap bottles at room temperature for 12 days in darkness with sampling points at days 0, 4, 7 and 12 (one bottle per sampling point). Samples were stored at -40oC until analysis.

2.4. Methods
2.4.1. Antioxidant properties of polysaccharides
SL, SF, SA, REF and NaCas were dissolved in water (1 mg/mL), and the in vitro antioxidant properties were determined. The measurements were performed in triplicates (n=3). Results are expressed as inhibition% at the given concentration. BHT and EDTA were included for comparison. Results are shown in Table 1. Following describes the principals of the in vitro tests.
1,1-Diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging capacity. The assay was based on the method by Yang et al. (2008) and modified for use in 96-well microtiter plates. In brief, 100 μL sample was loaded to the microtiterplate and mixed with 100 μL 0.1 mM DPPH (in ethanol). After 30 min incubation (room temperature, dark) the absorbance was measured at 517 nm. 
Ferrous ion chelating ability (FIC). This assay was performed according to Farvin et al. (2010). In short, 100 μL sample and 110 μL water was mixed in the microtiter plate. A solution of 20 μL 0.5 mM ferrous chloride was added to the solution and incubated for 3 min before 20 μL 2.5 mM ferrozine was added. After 10 min of incubation (room temperature, dark) the absorbance was measured at 562 nm. 

2.4.2. Measurements for determining the physical stability
2.4.2.1. Creaming Index (CI) - gravitational separation
The creaming index (CI) was determined by measuring the height of the lower aqueous layer (HL) relative to the total height of the emulsion (HE) in the 100 mL blue cap bottle. The CI was measured the first time at day 1 so the emulsion had time to settle in the bottles. The measurements were performed in duplicates. CI% was calculated based on eq. (1):
	(1)

2.4.2.2. Droplet size distribution
The droplet size distribution of the emulsions was determined using light diffraction (Mastersizer 2000, Malvern, Instruments Ltd., Worcestershire, UK) according to Let et al. (2007) and Horn et al. (2011). Results were given as volume weighted mean D[4,3]. The measurements were performed in triplicates (n=3). Surface weighted mean D[3,2] results were used for surface load determination in section 2.4.4. 

2.4.2.3. Apparent viscosity
The apparent viscosity of the emulsions was measured at day 1 (settled emulsions) by stress-controlled rheometer (stresstech, Reologica Instruments AB, Lund, Sweden) equipped with a CC25 standard bob cup system in a temperature vessel at 25˚C. Shear stress range was from 0.0125 to 400 Pa. Measurements were performed in duplicates (n=2). Apparent viscosity results were obtained at a shear rate of 20 s-1 and expressed in Pa*s. 

2.4.2.4. Zeta potential
The surface charge of the emulsion droplets were determined by zeta potential with a Zetasizer Nano 2S (Malvern Instruments Ltd.) at 25 ˚C. Prior to analysis, 0.32g emulsion were diluted in 40g deionized water. The zeta potential range was set to -100 to +50 mV (Horn et al., 2011). Results are given as averages of four (n=4) on the same sample.

2.4.3. Measurements for determining the oxidative stability
2.4.3.1. Primary oxidation products – peroxide value (PV)
For determination of primary oxidation products, lipid phase extraction was performed on emulsions according to the method by Bligh & Dyer (1959) using 15g of emulsion. PV was subsequently measured on the lipid phase extracts using a colorimetric method described by Shantha & Decker (1994) based on the formation of an iron-thiosyanate complex. The colored complex was measured spectrophotometrically at 500 nm (shimadzu UV1800, Shimadzu Scientific Instruments, Columbia, MD, USA). Lipid extraction was carried out in duplicates (n=2). Results are expressed in miliequivalent peroxides per kg oil (meq O2/kg oil). 

2.4.3.2. Secondary volatile oxidation products – dynamic head space GC-MS
Volatile compounds were collected by dynamic headspace (DHS), and separated and identified using gas chromatography mass spectrometry (GC-MS). One g emulsion (incl. 30 mg internal standard, 4-methyl-1-pentanol) was weighed in a 10 mL vial. The sample transfer and headspace collection was fully automated using Gerstal DHS (Gerstal GmbH & Co.KG., Mülheim an der Ruhr, Germany) and the volatile compounds were collected and injected by an a-DHS system from Gerstel (Gerstel GmbH & Co.KG., Mülheim an der Ruhr, Germany) and detected on a GC-MS system. 
The automation sequence was as follows: the emulsion was incubated for 4 min at 60C. Agitation was applied at 300 rpm (agitator on time: 10 s, agitator off time: 1 s). The volatile compounds were collected by purging the headspace with N2 at 50 mL/min for 20 min.  The volatile compounds were trapped in TD tubes containing Tenax GR 300 (Gerstel GmbH & Co.KG., Mülheim an der Ruhr, Germany). Water was removed from the tubes at 30 mL/min N2 purge flow for 3 min. The volatiles were desorbed from TD tubes in the thermal desorption unit via the focusing trap CIS 4 at 10 ºC during the focusing period and subsequently heated with 720 ºC/min to 280 ºC (kept for 5 min) and transferred to the GC 6890 N Series (Agilent Technologies, Santa Clara, USA). The individual volatiles were analyzed using a mass spectrometry (MS 5973, Agilent Technologies, Santa Clara, USA). The settings for the MS were: electron ionization mode, 70 eV and a mass-to-charge ratio (m/z) between 30 and 250. Chromatographic separation of volatiles was performed on a DB1701 column (30 m × ID 0.25 mm × 0.5 µm ﬁlm thickness, J&W Scientiﬁc, Folsom, CA, USA) using He gas ﬂow (1.3 mL/ min). The GC oven temperature program had an initial temperature of 35 °C for 3 min, with increment of 3.0 °C/min to 140 °C, then increment of 5.0 °C/min to 170 °C and increment of 10.0 °C/min to 240 °C and then this temperature was kept there for 8 min.
External standards used for calibration curves in the emulsion study: pentanal, hexanal, heptanal, nonanal, 2-ethylfuran, 1-penten-3-one, 1-penten-3-ol, t-2-hexenal, t-2-pentenal, t,t-2,4-heptadienal supplied by Sigma Aldrich. The standards were dissolved in ethanol and added to an emulsion in concentrations from 10–1200 ng/g. The analysis were done in triplicates (n=3). The results are given in ng/g of emulsion.

2.5. [bookmark: _Toc536454975]Statistics and data treatment
For all results mean and standard deviation were calculated and the results were analyzed by two-way ANOVA (GraphPad Prism Version 7.0, GraphPad Software, Inc.). The Bonferroni multiple comparison post-test was used to test difference between samples or storage time. The results are considered to be significant when p-value ≤ 0.05.
Antioxidant activity of the polysaccharide extracts added to emulsions in combination with NaCas was calculated (Table 2) as a relative inhibition (RI%) to the control (CON only added NaCas) after 12 days of storage. RI% was calculated for 2-ethylfuran, 1-penten-3-ol, t-2-hexenal and t,t-2,4-heptadienal. Concentrations in the samples at day 0 was subtracted to only look at inhibition relative to the control. Equation for calculating RI%:


3. Results and discussion
3.1. Structure dependent antioxidant capacity of polysaccharides
The in vitro antioxidant properties, 1,1-Diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging and ferrous ion chelating ability (FIC), were determined for all four polysaccharide extracts and shown in Table 1, including the antioxidant properties of NaCas.

Table 1. In vitro antioxidant properties (inhibition% at concentration of 1 mg/mL) of the Sodium caseinate and the polysaccharide extracts used in the study (commercial sodium alginate, SA, SF and SL) determined by 1,1-Diphenyl-2-picryl-hydrazyl radical scavenging capacity (DPPH) and ferrous ion chelating ability (FIC). BHT and EDTA included as controls.
	Emulsifier/stabilizer
	DPPH, I%
	FIC, I%

	Sodium caseinate (NaCas)
	42.3±1.9
	99.3±0.1

	Sodium alginate (REF)
	nd
	31.0±6.0

	Extract with sodium alginate (SA)
	nd
	99.3±0.6

	Alginate extract with alginate and fucoidan (SF)
	20.6±1.4
	15.5±1.7

	Aqueous extract with laminarin and fucoidan (SL)
	69.3±5.3
	77.8±2.4

	0.2 mg/mL BHT 
	67.2±5.3
	-

	0.5M EDTA 
	-
	99.9±0.1



Sodium caseinate (NaCas) itself showed high FIC ability close to 100% and moderate DPPH. Caseins have phosphoseryl residues capable of binding transition metals, which makes them potential antioxidants in emulsions. The polysaccharides all exhibited FIC ability in the order SA (99%) > SL (78%) > REF (31%) > SF (16%). The high FIC ability of SA can be related to the structure; SA’s main monosaccharides were β-D-mannuronate acid (ManA, M) (49%), and α-L-guluronate (GuluA, G) (37%) of the total monosaccharides. Alginate rich in GG-blocks is strongly cross-linked by cations. Thereby it can be hypothesized that transition metal cations, which play a role in lipid oxidation, can be bound in the ionic cross-linking of GG-blocks. This is in accordance with the 15% FIC ability of SF, which contained 89% alginate, mainly β-D-mannuronate acid (23.8% GuluA and 66.0% ManA). Hence there were fewer α-L-guluronate molecules available to form cation-binding GG-blocks. Moreover, the physiochemical properties of SF will probably also be poor gel-formation compared to SA due to the difference in the composition of alginate. Fucoidans vary in structure, which influence their biological activity. The sulfate content and scavenging capacity has been shown to be positively correlated. Moreover, fucoidans from brown algae Laminaria japonica (Saccharina japonica) have shown activity against superoxide radicals, but less effect on DPPH radicals in vitro (Wang et al., 2008). In the present study, SF showed 21% radical scavenging capacity against DPPH, whereas SL showed 69%, indicating that other compounds than fucoidan contributes to the antioxidant activity against DPPH in SL. SL contained co-extracted compounds as listed in section 2.2., such as peptides (4.3%) and phenolic compounds (10 mg GAE/g freeze dried extract), which possess both radical scavenging and metal chelating ability (77.8% inhibition in the FIC assay). It is well-known that polyphenolic compounds such as phlorotannins exhibit both high DPPH radical scavenging activity and metal chelating ability at low concentrations (Honold et al., 2016), and can contribute to the antioxidant activity of SL. Kadam et al. (2015b) obtained an extraction yield of laminarin of 5.82% and 6.24% on dry weight basis from Ascophyllum nodosum and Laminarina hyperborean, respectively, using ultrasound assisted extraction (UAE). They found DPPH radical inhibition levels of 93.23% and 87.57% of A. nodosum and L. hyperborea extracts, respectively, which is higher than the 69% that was found in the present study. The antioxidant properties of laminarin are linked to the molecular structure. There are two types of polymeric chains present in laminarin, G-chains with glucose at the end and M-chains with mannitol as the terminal reducing end. Reducing sugars, like mannitol can scavenge free radicals in vitro, and are the main contributers to the free radical scavenging capacity of laminarin. In the present study SL contained 29.8% mannitol beside laminarin, which could also contribute to the high in vitro DPPH radical scavenging capacity of SL. With these findings and characteristics of the polysaccharide extracts, an add-on antioxidant activity was expected when these are added in combination with NaCas compared to when NaCas is used alone.

3.2. [bookmark: _Toc536454977]Physical storage stability of emulsions 
The emulsions were prepared in a way that both NaCas and polysaccharide extracts (SA, SL, SF or REF) were mixed before emulsification with fish oil. Hence double layer emulsions were not obtained as was the case in the study by Hermund et al. (2016), but instead a mixed interfase of NaCas and polysaccharides was achieved. At pH 7, it is expected that NaCas, with a pI=4.6, is negatively charged. Moreover, both alginate (NaAlg) and fucoidan are strongly anionic across a wide pH range, and will also be negatively charged at pH 7. This was confirmed as the zeta-potential of the particles in the delivery emulsions was negative in a range from -72 to -33mV (data not shown). The emulsions with SL had more or less stable zeta-potential at all concentrations (around -43mV). Similar was found for emulsions with SA, but these emulsions had a slightly lower zeta-potential (-50mV) compared to emulsions with only NaCas (CON). The emulsion with 0.2 wt% (C2) SF added formed particles with a zeta-potential of -46mV. Zeta-potential of emulsions with commercial alginate (REF) increased with increasing concentrations to higher than C2 (-72 to -33 mV). Yesiltas et al. (2017) observed a similar increase in zeta-potential of emulsion when the ratio between NaAlg and NaCas increased. 
The physical stability of the emulsions was determined using creaming index (CI) where gravitational separation of oil and water was observed. Fig. 1 (A-D) shows the CI of emulsions with the different polysaccharide extracts from S. latissima in different concentrations (C1-C4) in combination with NaCas (or only NaCas (CON)), and the reference with commercial sodium alginate (REF) added. 
In general, it was found that a combination of polysaccharides and NaCas decreased gravitational separation (creaming) in emulsions compared to CON. CON had a CI above the acceptable 5% throughout the storage period (12 days). Concentration dependent stability was observed for SA and SL, as emulsions with low amounts of SA and SL (C1 and C2) CI exceeded the maximum 5% throughout the storage, but at concentrations of above C2 (C3 and C4) the CI% was zero for SA and below the maximum 5% for SL. REF was efficient in lowering the CI of emulsions already at the lowest concentration (C1, 0.1%). The emulsion with SF (C2, 0.2 wt%) had acceptable level of creaming throughout the storage period. Hence, the type of emulsifiers and thickening agents employed had a great influence on creaming. 

[image: ]Fig. 1 (A-D). Creaming index (%) determining gravitational oil separation in 70% o/w emulsions added 0.23 wt% NaCas in combination with SL (A), SF (B), SA (C) and REF (D) in concentrations from 0.1 to 0.4 wt% (C1 to C4 (light to dark grey)) during storage (up to 12 days, dark storage, ambient temp.). CON (only NaCas) is included (black line). Dotted line indicates limit of acceptable creaming (CI=5%). Mean±std.dev. (n=3)

The optimal concentrations (lowest doses) of polysaccharide extracts in emulsions were as follows; 0.1 wt% (C1) REF, 0.2 wt% (C2) SF, 0.3 wt% (C3) SL and SA. The observed physical instability at high CI can be related to depletion flocculation, which can occur when the concentration of polysaccharides in the continuous water phase of the delivery emulsion is high, or when oil droplets coalesce due to insufficient stabilizer concentration. 
Chang & McClements (2015) found low creaming at pH 7, in caseinate-fucoidan stabilized o/w emulsions (1 wt% fish oil, 0.1 wt% caseinate, 0.1 wt% fucoidan), even though caseinate and fucoidan were highly negatively charged, and no deposition of fucoidan at the interface occurred due to electrostatic repulsions between the anionic droplets and anionic polysaccharides. Similar electrostatic repulsions would occur in emulsions with alginate. Hence, the improved stability of emulsions added SA and REF can be due to other functionalities of the anionic polysaccharides, such as gelling or to the ability of the polysaccharides to increase the viscosity of the aqueous phase and thereby reduce the diffusion of oil droplets in the emulsions.
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Fig. 2 (A-D). Mean particle size, D[4,3], in 70% o/w emulsions added 0.23 wt% NaCas in combination with SL (A), SF (B), SA (C) and REF (D) in concentrations from 0.1 to 0.4 wt% (C1 to C4, SF only C2), measured at day 1 (light grey) and 12 (dark grey). CON (only NaCas) is included at day 1 (white) and day 12 (black). Storage was dark at ambient temperatures. Stars (***) shows significant difference between day 1 and 12. Mean±std.dev. (n=3)

Fig. 2 (A-D) shows the changes in the mean particle size (D[4,3]) in the emulsions at day 1 and day 12 (end of storage). These results also showed an increased emulsion stability with addition of polysaccharides in combination with NaCas, as no significant increase in droplet size was observed no matter the concentration of polysaccharides, even though creaming was observed in some of these emulsions. This suggested that the creaming was related to flocculation of oil droplets, which were then easily disrupted by dilution during sample preparation for droplet size determination (1:5 dilutions according to the method description). This behavior is known to occur when the concentration of free polymers in the aqueous phase is high (Dickinson et al., 1997).
Generally, NaCas in combination with anionic polysaccharides (SF, SA and REF) lowered the droplet size compared to the control without polysaccharides added (CON), indicating emulsifying properties of all polysaccharide extracts tested. Moreover, smaller droplets were formed when NaCas was combined with SA or REF compared to SL and SF. There was a correlation between smaller droplets and high viscosity (Pa*s) for the emulsions, which is in agreement with earlier studies (Jacobsen et al., 2000; Yesiltas et al., 2019). Moreover, the viscosity also increased with increased concentration of SA and REF (data not shown), as the droplet size also decreased.
No significant increase in droplet size was observed during 12 days of storage. It is likely, that the anionic polysaccharides have the ability to form a network in the water phase, which maintains small oil droplets long enough for the proteins to be adsorb at the oil-water interface and create an emulsifying layer, which prevents coalescence of the oil droplets. The droplets can also be prevented from coalescing because they are prevented from moving closer together due to the gel network formed. The low polysaccharide content of SL (14.5% fucoidan and 9.5% laminarin) indicates that the co-extracted compounds play a role in the physical stabilization of the emulsions with SL. Other studies have found that polyphenolic compounds from brown algae, phlorotannins, in water extracts, had high interfacial affinity (Honold et al., 2016). This affinity can be related to polyphenol-protein interactions, as polyphenols can be covalently or non-covalently bound to proteins. This protein binding can be either naturally occurring complexes in the extracts (Porter, 1989), or complexes between polyphenols and α- and/or β-caseins (Hasni et al., 2011), e.g. in NaCas stabilized emulsion systems similar to what is used in the present study. It could be interesting to look further into this.

3.3. Oxidative storage stability of emulsions 
Fig. 3 shows the development of hydroperoxides, determined by the peroxide value (PV), in the delivery emulsions during 12 days storage. Lag phase up to day 7 was observed for CON and emulsions added SL (except C2), SA_C1, and REF_C2. For the other samples, no lag phase was observed as PV had increased significantly (p < 0.05) at day 4. SF (only included in C2) had a PV, which did not increase further after day 7, which could indicate fast decomposition of peroxides to secondary oxidation products. 
The location of the antioxidants highly influences the oxidative stability of emulsions. Emulsifier in the water phase strongly interact with water-soluble reagents and may inactivate free radicals and transition metals and preventing initiation of lipid oxidation (Berton-Carabin et al., 2014). Moreover, the formation of metal-polysaccharide complexes has been found to increase as the polysaccharide concentration increases (Dieguez et al., 2004; Nagy & Szorcsik, 2002). Since SA and SL showed high in vitro FIC ability, high metal chelating of these extracts was expected in the emulsion. This was not found according to the PV results. Instead, prooxidant activity was observed for SA and REF, and the prooxidant activity increased with concentration of SA and REF, when applied to emulsions in concentrations above 0.2 wt% (C2). However, the formation of lipid hydroperoxides LOOH cannot stand alone when evaluating oxidative stability, since chelation of metal ions would hinder breakdown of the lipid hypreperoxides into secondary oxidation products. A prooxidant activity observed for PV results can therefore instead be an accumulation of lipid hydroperoxides because the antioxidants are mainly metal chelators.
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Fig. 3. Developments in concentration of peroxide value (meq/kg oil) in 70% o/w emulsions added 0.23 wt% NaCas in combination with SL, SF, SA and REF in concentrations from 0.1 to 0.4 wt% (C1 to C4, SF only C2), measured at day 0, 4, 7 and 12 (dark storage, ambient temp.). CON with only NaCas is included. Letters indicates significant (p<0.05) differences between samples within the same sampling day. Star (*) indicates when the sample is significant different from day 0 (end of lag phase). Mean±std.dev. (n=3)

The development of secondary volatile compounds in the emulsions was also determined during the 12 days of storage. The volatiles pentanal and hexanal, heptanal and nonanal stemming from oxidation of n-6 PUFAs, and a wide range of volatiles stemming from oxidation of n-3 PUFAs, such as 2-ethylfuran, 1-penten-3-one, 1-penten-3-ol, t-2-hexenal, t-2-pentenal, and t,t-2,4-heptadienal were quantified. Specifically the four volatiles 2-ethylfuran, 1-penten-3-ol, t-2-hexenal, and t,t-2,4-heptadienal (Fig. 4 A-D) were observed to increase significantly during storage and are shown as representatives for the development of secondary oxidation products in the emulsions. 
[image: ]
Fig. 4 (A-D). Developments in concentration (ng/g emulsion) of secondary volatile oxidation products (2-ethylfuran (A), 1-penten-3-ol (B), t-2-hexenal (C) and t,t-2,4-heptadienal (D)) in 70% o/w emulsions during added NaCas in combination with SL, SF, SA and REF in concentrations from 0.1 to 0.4 wt% (C1 to C4, SF only C2) during 12 days of storage (dark storage, ambient temp.). CON with only NaCas is included (black line). Star (*) indicates at which time point emulsions was significantly (p < 0.05) different from the control (CON) (no significant difference=not mentioned). a and p indicates antioxidant or prooxidant activity of the polysaccharides added. Mean±std.dev. (n=3)

Fig. 4A shows the formation of 2-ethylfuran during 12 days of storage. The lag phase was increased from 4 to 7 days by adding SA compared to CON.  From day 7, and the rest of the storage, significantly lower 2-ethylfuran was formed in emulsions with SA added compared with CON. This antioxidant activity of SA against formation of 2-ethyl-furan was also confirmed by the relative inhibition (RI%) for SA, which gave positive RI% shown in Table 2. Whereas SL in the highest concentrations (C3 and C4) showed antioxidant activity against formation of 2-ethylfuran at day 12, the lowest concentration (C1 and C2) showed prooxidant activity at the end of storage when compared with CON (Fig 4A and Table 2). Prooxidant activity of SF and REF was observed already at the beginning of the storage period, as no lag phase was observed. However, REF_C1 showed antioxidant activity at day 12 and had a significantly lower concentration of 2-ethylfuran than CON. This was also confirmed by inhibition% shown in Table 2.
Fig. 4B shows the formation of 1-penten-3-ol. No lag phase was observed. However, REF_C1 showed antioxidant activity against formation of 1-penten-3-ol from day 4 compared to CON. For emulsions added SL in C3, antioxidant activity was observed with respect to the formation of 1-penten-3-ol, as significantly lower concentration of 1-penten-3-ol was found at day 12 compared to CON. For the emulsion added SF in C2, prooxidant activity was observed and the initial concentration of 1-penten-3-ol in this emulsion was also significantly higher than CON, and was significantly higher throughout the storage period. This could indicate formation of 1-penten-3-ol already in the production of the emulsion with SF. In Table 2 antioxidant activity of REF in C1 and C3, SL in C3 and C4 was also observed, and prooxidant activity was found for all other samples, however SF in C2 showed highest prooxidant activity.
The formation of t-2-hexenal in Fig. 4C also showed that REF in C1 had antioxidant activity. Moreover, SL in C2 and C3 also showed antioxidant activity towards the formation of t-2-hexenal, as the concentration was significantly lower in these emulsions from day 4 compared to CON. Emulsions with SF actually showed antioxidant activity towards t-2-hexenal compared to CON, however SF had initially a high concentration of t-2-hexenal, which decreased until day 4. This could indicate some decomposition of t-2-hexenal into tertiary oxidation product until day 4. SA showed high prooxidant activity in all concentrations. This was also the case for REF except REF in C1. In Table 2 the prooxidant activity of emulsions added SA and REF (from C2) increases with increased concentration. 
Lastly, the formation of t,t-2,4-heptadienal is shown in Fig. 4D. Again REF in C1 showed antioxidant activity as the concentration of t,t-2,4-heptadienal was significantly lower from day 4 and throughout the storage compared to CON. Moreover, REF in C1 increased the lag phase up to day 7. SL in C1 also showed antioxidant activity and had significantly lower concentration of t,t-2,4-heptadienal at the end of storage. Strong prooxidant activity of SF, SA and REF in C2, C3 and C4 was observed and also shown in Table 2. 



Table 2. Relative inhibition (RI%)* of polysaccharide extracts (REF, SA, SL and SF) in concentrations from 0.1-0.4 wt% (C1-C4, SF only C2) on formation of secondary volatile compounds (2-ethylfuran, 1-penten-3-ol, t-2-hexenal and t,t-2,4-heptadienal) in emulsions. The samples are categorized into; no inhibitory effect (- 10 to +10, light grey), inhibitory effect (>10, white), prooxidant effect (<-10, dark grey)
	Code
	Conc.
	2-Ethylfuran
	1-Penten-3-ol
	t-2-Hexenal
	t,t-2,4-Heptadienal

	
	
	Day 0
	Day 12
	RI%
	Day 0
	Day 12
	RI%
	Day 0
	Day 12
	RI%
	Day 0
	Day 12
	RI%

	REF
	C1
	1
	24
	39
	4
	113
	49
	2
	22
	32
	3
	29
	70

	
	C2
	4
	75
	-90
	63
	300
	-10
	15
	54
	-33
	42
	147
	-20

	
	C3
	1
	129
	-244
	11
	149
	36
	5
	53
	-64
	10
	126
	-33

	
	C4
	3
	117
	-208
	15
	285
	-26
	9
	91
	-180
	12
	253
	-176

	SA
	C1
	2
	14
	65
	13
	287
	-27
	3
	44
	-38
	8
	130
	-41

	
	C2
	2
	10
	79
	12
	315
	-41
	3
	54
	-74
	9
	156
	-68

	
	C3
	1
	8
	83
	6
	301
	-37
	2
	81
	-174
	6
	453
	-411

	
	C4
	2
	8
	83
	16
	307
	-35
	6
	91
	-191
	11
	612
	-587

	SL
	C1
	1
	54
	-42
	15
	261
	-15
	2
	32
	-5
	9
	65
	36

	
	C2
	2
	49
	-28
	9
	303
	-37
	2
	26
	17
	10
	95
	2

	
	C3
	1
	28
	27
	4
	177
	20
	0
	26
	12
	3
	100
	-11

	
	C4
	1
	31
	18
	4
	200
	9
	1
	38
	-28
	3
	136
	-53

	SF
	C2
	10
	158
	-298
	100
	513
	-92
	26
	32
	81
	55
	210
	-77


*RI% = ((ConcCON(day12-day0) - ConcSAMPLE(day12-0))/(ConcCON(day12-0))*100%

To sum up, SA only showed antioxidant activity towards formation of 2-ethylfuran and prooxidant activity towards 1-penten-3-ol, t-2-hexenal and t,t-2,4-heptadienal. REF in C1 showed antioxidant activity against all the volatiles, however prooxidant activity was observed for all other concentrations. Moreover, SF also seemed to have pronounced prooxidant activity. In the case of prooxidant activity of SA and REF, this seems to increase with increased concentration. For SL mainly C3 showed antioxidant activity, except towards the formation of t,t-2,4-heptadienal. 

In a previous study, good oxidative stability was obtained for 70% fish oil-in-water emulsions (similar to the delivery system in the present study but with a 10 mM sodium acetate imidazole buffer instead of water as the aqueous phase) only stabilized with NaCas at pH 7 (Horn et al. 2011). In the present study, results showed that SL in the highest concentrations (C3 and C4) and REF in the lowest concentration (C1) added additional antioxidant activity to the system, when used in combination with NaCas, by decreasing the formation of secondary volatile oxidation products. SL showed high DPPH radical scavenging activity, which was associated with the composition of a mix of fucoidan, laminarin and co-extracted compounds, such as mannitol and phenolic compounds. Faraji & Lindsay (2004) found that mannitol (16% of the aqueous phase) in fish oil emulsions showed antioxidant activity, however the antioxidant activity of mannitol was low compared to polyols, which was associated with low water solubility of mannitol. Moreover, using compounds like laminarin and fucoidan to this type of delivery system can be beneficial in itself, as these exhibit different biological activities, and could add to the health benefits of the final product. Ale et al. (2011) studied the anti-cancerogenic cell effect of fucoidan and found that crude fucoidan among other exerted bioactive effects on lung and skin cancer model cells in vitro. 
As discussed earlier, co-extracted phlorotannins in SL could also contribute to the antioxidant activity at the oil/water interface and hinder formation of secondary oxidation products. The antioxidant activity of laminarin and fucoidan against lipid oxidation in pork meat has been determined by Moroney et al. (2015), who did not find any antioxidant activity of laminarin, but fucoidan showed antioxidant activity, related to the number of sulfate groups. Choi et al. (2011) studied the antioxidant activity of laminarin in corn oil. They found that the antioxidant activity of laminarin was related to molecular size, as the protection factor in corn oil against oxidation increased with decreased molecular size. This indicates that the antioxidant efficacy of SL is highly food system dependent, and that results cannot be extrapolated from one food system to another. 
The antioxidant activity of REF at C1 (0.1%) was in agreement with Salvia-Trujillo et al., (2015), who found that the addition of alginate (0.1% w/w) to nanoemulsions decreased the rate and extent of lipid oxidation during storage. The prooxidant activity of REF in higher concentrations could be explained by a replacement of NaCas with NaAlg at the oil-water interface (also indicated by a further decrease in zeta-potential in emulsions with increased REF concentration). Hence, the chelated iron (by NaAlg) would be located at the oil-water interface instead of in the water phase, and therefore lipid oxidation would increase due to the location of iron. To confirm this hypothesis, the oil-water interface needs further investigation.

4. Conclusion
All polysaccharides increased the physical stability of the emulsions during storage compared to when NaCas (CON) was used alone. The creaming observed was related to flocculation of oil droplets due to high concentrations of polysaccharides in the water phase. This result was also supported by unchanged droplet size during storage in emulsions with the polysaccharides added. 
NaCas, SA, REF, SL and SF all showed in vitro antioxidant properties. Ferrous ion chelating ability was found in the order NaCas = SA (99%) < SL (78%) < REF (31%) < SF (16%). The large difference in in vitro antioxidant properties between SA and SF was related to structural difference of alginate. Moreover, co-extracted compounds were suggested to play a major role in the in vitro antioxidant properties of SL. It was expected that polysaccharides extracts high in alginate (SF, SA and REF) primarily worked as metal chelating antioxidants in the water phase of the emulsions at pH 7. However, pronounced prooxidant activity was observed for 1-penten-3-ol, t-2-hexenal and t,t-2,4-heptadienal in emulsions REF (except C1), SA and SF. Hence, despite the promising emulsifying properties, no antioxidant activity was observed in emulsions added these polysaccharide extracts. REF in the lowest concentration (C1), and SL in 0.3% (C3) decreased the volatile compound formation, and was found to be the most suitable multi-functional ingredients for stabilizing omega-3 delivery emulsions. 
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