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occurring in the phenolic residues at the droplet interface and in the continuous phase were studied during 19 

an accelerated storage test. Meanwhile, the physical stability and lipid oxidation in emulsions were 20 

monitored. 21 

Findings. Naturally associated lignin residues in GGM act as vehicles for anchoring these 22 

hemicelluloses into the oil droplet interface and further enable superior stabilization of emulsions. By 23 

adjusting the isolation method of GGM regarding their phenolic profile, their functionalities, especially 24 

interfacial behavior, can be altered. Retaining the native interactions of GGM and phenolic residues is 25 

suggested for efficient physical stabilization and extended protection against lipid oxidation. The results 26 

can be widely applied as guidelines in tailoring natural or synthetic amphiphilic compounds for 27 

interfacial stabilization. 28 

Keywords 29 

Spruce galactoglucomannans, phenolic residues, emulsion stability, lipid oxidation 30 

Abbreviations 31 

eTMP ethanol precipitated galactoglucomannan (GGM) from thermomechanical pulping, LCC lignin-32 

carbohydrate complexes, OHB hydroxybenzoates, OHC hydroxycinnamates, PE spruce phenol extract, 33 

PHWE GGM from pressurized hot-water extraction, PR phenolic residue, PV peroxide value, sTMP 34 

spray-dried GGM from thermomechanical pulping. 35 

Introduction 36 
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method 32 and the amount of added extract was adjusted in order to double the amount of phenolic 132 

compounds in the emulsions compared to samples with plain eTMP GGM. 133 

Accelerated storage test 134 

For the accelerated storage test, 100 g of emulsion was stored in a 250-mL glass bottle at 40 ºC in the 135 

dark up to 2.5 months. Stability of the emulsion was monitored several times during the first two weeks 136 

of storage and then in intervals of two weeks for a total of 11 weeks. At each sampling, a few drops of 137 

emulsion were withdrawn for determining droplet size distribution and for visual investigation with 138 

optical microscopy. At the same sampling, 0.5 g of emulsion was withdrawn for the analysis of peroxide 139 

value and polymerized lipids. For monitoring the changes occurring in PR, 30 g of emulsion was 140 

withdrawn after 0, 7 and 14 days of storage. Before each sampling, the emulsion was mixed by turning 141 

the containers upside down ten times. For the analysis of volatile oxidation products, 1.5 g of fresh 142 

emulsion was placed in 20-mL glass vials (75.5 × 22.5 mm), sealed with caps, and the vials were stored 143 

at 40 ºC in the dark. At each sampling, three replicate samples were withdrawn (n = 3). 144 

Droplet size distribution 145 

The droplet size distribution was characterized by static light scattering using a Mastersizer Hydro 146 

3000 SM (Malvern Instruments Ltd, Worcestershire, UK). Before each sampling, the emulsion was 147 

mixed gently by turning the container upside down ten times. Interfacial area was calculated from the 148 

average droplet size and volume fraction of the added oil. 149 

Microscopy 150 

The emulsion morphology was characterized using optical microscopy (AxioScope A1, Carl Zeiss 151 

Inc., Oberkochen, Germany). Before each sampling, the emulsion was mixed gently by turning the 152 

container upside down ten times. 153 
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Partitioning of emulsions 154 

Emulsions were partitioned into aqueous and creamed phases by centrifugation.18 30 g of emulsion 155 

was centrifuged at 24 000 g at RT for 15 min. The creamed phase was collected and the residue was 156 

centrifuged for additional 5 min. The second creamed phase was combined with the first one for the 157 

analysis of adsorbed GGM fraction. 1 mL of continuous phase was collected for the analysis of the non-158 

adsorbed GGM fraction. Both the creamed phase and continuous phase were subjected to further analysis 159 

(Fig. 1). 160 

Determination of phenolic residues by UHPLC-DAD-FLD 161 

Distribution and changes occurring in interfacial and dispersed free and bound phenolic residues of 162 

GGM were determined in order to evaluate their possible contribution to emulsion stability. 163 

The creamed phase was divided into two equal portions. The adsorbed GGM were precipitated with 164 

80 mL of 80% ethanol, which is also compatible for the extraction of free phenolic compounds (Fig. 1). 165 

Released lipids were removed from the aqueous phase by extraction with 80 mL of iso-octane. The 166 

organic phase was removed and the remaining aqueous phase was centrifuged (10 min at 24 000 g). 167 

Supernatant and precipitated GGM were collected separately. The supernatant was evaporated to 168 

dryness. 169 

Non-adsorbed GGM in the continuous phase (1 mL) were precipitated with 4 mL of 80% ethanol. 170 

Remaining lipids were removed by extraction with 5 mL of iso-octane. The aqueous phase and 171 

precipitate were separated by centrifugation (10 min at 3000 g). Supernatant and precipitated GGM were 172 

collected separately. The supernatant was evaporated to dryness. 173 

The hydrolyses and analysis of PR were performed according to a previously described method using 174 

the same equipment and reagents.20 The analysis included fractions of ethanol-soluble free PR, ester-175 

bound PR to ethanol-soluble GGM, ester-bound PR to ethanol-precipitated GGM and glycosidically 176 
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bound or otherwise entrapped PR in GGM (Fig. 1). All the analyses were performed in triplicates (n = 177 

3). The results were expressed as µg/kg of emulsion. The average and standard deviation were calculated 178 

across three analytical replicates (n = 3). 179 

 180 

Figure 1. Sample preparation for the analysis of adsorbed and non-adsorbed phenolic residues. Each 181 

creamed phase and aqueous phase provided results of six different compound groups in four different 182 

fractions. The analysis was performed in triplicates. 183 

Determination of peroxide value 184 
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The primary oxidation of the emulsions was evaluated by the total content of hydroperoxides in the 185 

lipid phase determined by the peroxide value (PV). The analysis was performed according to a previously 186 

described method 20 where lipids were first released and extracted and then PV was determined according 187 

to a ferric thiocyanate method. The average and standard deviation were calculated across three 188 

analytical replicates (n = 3). 189 

Determination of hexanal by SHS-GC-FID 190 

The secondary stage of lipid oxidation in emulsions was followed in terms of hexanal formation 191 

according to a previously described static headspace gas chromatography (SHS-GC-FID) method.33 At 192 

each sampling time, three replicate vials were withdrawn for the analysis. Hexanal contents were 193 

reported as peak area per gram of emulsion (peak area/g emulsion). The average and standard deviation 194 

were calculated across three analytical replicates (n = 3). 195 

Determination of polymerized lipids by SEC-RI 196 

Lipid oxidation in emulsions was also followed in terms of polymerization. Formed oligomeric lipids 197 

and remaining monomers were determined utilizing size-exclusion chromatography (SEC) in 198 

combination with refractive index (RI) detection, as described previously.20 The results were reported as 199 

relative peak area proportions (%). The average and standard deviation were calculated across three 200 

analytical replicates (n = 3). 201 

Results 202 

Droplet size distribution and morphology 203 
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Physical stabilization of emulsions by studied GGM extracts were evaluated by droplet size 204 

distributions. The structures of emulsions were also visualized by optical microscopy to reveal possible 205 

breakdown. 206 

Emulsions stabilized by PHWE GGM had a unimodal droplet size distribution with an average droplet 207 

size D[3,2] of 0.4 µm (Fig. 2). The droplet size distribution remained similar during six weeks of 208 

accelerated storage test at 40 °C. In sTMP GGM-stabilized emulsions, the D[3,2] was larger (2.1 µm) 209 

and increased to 3.4 µm during storage. The eTMP GGM-stabilized emulsions showed bimodal droplet 210 

size distribution and an increase in droplet size during storage. The addition of PE to eTMP GGM did 211 

not significantly influence the droplet size distribution, as the eTMP+PE emulsions formed and aged in 212 

a similar manner to those containing plain eTMP GGM, in terms of droplet size distribution. Optical 213 

microscopy images confirmed the presence of mainly very small droplets of less than 1 µm in diameter 214 

in PHWE emulsions, whereas large droplets and flocculation were seen in sTMP emulsions. In eTMP 215 

and eTMP+PE emulsions, droplets with a large size range were observed, which could be due to 216 

coalescence or Ostwald ripening (Fig. 3). 217 

The total oil-water interfacial area of PHWE emulsion was 800 m2/kg while that of sTMP emulsion 218 

was 150 m2/kg (Fig. 4). No significant changes were observed in PHWE emulsion while the interfacial 219 

area of sTMP emulsion decreased to 100 m2/kg during the first week of storage at 40 °C. The interfacial 220 

area of eTMP and eTMP+PE emulsions decreased continuously from 1300 m2/kg to 400 m2/kg during 221 

two weeks of storage. 222 
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 229 

Figure 3. Optical microscopy images of emulsions with 5 wt.-% rapeseed oil stabilized with 1 wt.-% 230 

GGM, stored at 40 °C for 2 weeks. GGM obtained from (a) pressurized hot water extraction (PHWE), 231 

(b) thermomechanical pulping after spray-drying (sTMP), (c) thermomechanical pulping after ethanol 232 

precipitation with addition of spruce phenol extract (eTMP + PE), and (d) eTMP without additives. 233 
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 234 

Figure 4. Total interfacial area of lipid droplets (5 wt.-%) in GGM-stabilized (1 wt.-%) emulsions during 235 

accelerated storage test at 40 °C. GGM obtained from pressurized hot water extraction (PHWE), 236 

thermomechanical pulping after spray-drying (sTMP) and thermomechanical pulping after ethanol 237 

precipitation (eTMP) and addition of spruce phenol extract (eTMP + PE). 238 

Distribution of phenolic residues in emulsions 239 

To understand how phenolic residues (PR) in GGM affect emulsion stability, their distribution 240 

between the interface and continuous phase was determined. 241 

In all the studied emulsions, less than 0.1% of PR were located at the interface while the majority 242 

remained in the continuous phase (Fig. 5). The content of interfacial PR in PHWE GGM-stabilized 243 

emulsion was 2.6 µg/kg emulsion, while the content in the continuous phase was 111 mg/kg emulsion. 244 

The majority of the adsorbed PR (77%) were ester bound to ethanol-soluble GGM fraction, but some of 245 

the free or weakly associated PR (21%) were located at the interface. The continuous phase of PHWE 246 

emulsion had similar distribution of ester bound and free PR as at the interface though the contents were 247 

greater. The chemical structures of the adsorbed PR and those of remaining in the continuous phase were 248 

different. While ester-bound hydroxycinnamyls (OHC) (57%) and hydroxybenzoyls (OHB) (32%) were 249 

the main PR units at the interface, ester-bound OHB (62%) and flavanols (35%) were dominant in the 250 
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 267 

Figure 5. Composition of adsorbed (A) and non-adsorbed (B) phenolic residues in stripped rapeseed oil 268 

(5 wt.-%) emulsions stabilized by GGM (1 wt.%). GGM obtained from pressurized hot water extraction 269 

(PHWE), thermomechanical pulping after spray-drying (sTMP) and thermomechanical pulping after 270 

ethanol precipitation and addition of spruce phenol extract (eTMP + PE). The graphs presenting 271 

hydroxybenzoates (OHB), hydroxycinnamates (OHC), flavonols and flavanols are the averages of three 272 

replicate analyses. 273 
































