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Stabilization of emulsions by high-amylose-based 3D nanosystem 

Tingting Kou a,b, Marwa Faisal b, Jun Song a,**, Andreas Blennow b,* 

a College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen, 518060, PR China 
b Department of Plant and Environmental Sciences, University of Copenhagen, 1871, Frederiksberg C, Denmark   

A R T I C L E  I N F O   

Keywords: 
High amylose starch 
Octenyl succinic anhydride 
3D nanosystem 
Emulsions 
Freeze-thaw stability 
Rheology 

A B S T R A C T   

High-amylose maize starch (HAS) was used to produce a fibrous 3D network nanosystem aiming at providing an 
efficient and stable emulsion stabilizer characterized by being robust against storage, freeze-thawing, high 
temperatures and mechanical shearing. This approach is principally different from the usually applied stabili-
zation systems based on surfactants or small solid particles. Here, we utilized a sodium hydroxide-based low- 
temperature, chemical gelatinization protocol to minimize molecular degradation, and ethanol nanoprecipitation 
to reassociate the polysaccharides nanoparticles (NPs) to form a 3D nanosystem. Octenyl succinic anhydride 
(OSA) substitution was used for modulation of the amphipathic properties of the nanosystem to enhance the 
emulsfying capacity. With increased OSA substitution, light transmittance of the NPs solutions increased and the 
size distribution of the NPs decreased down to 100 nm. The obtained emulsions were characterized by being 
water in oil (W/O) systems, and the NPs were distributed in the oil phase. OSA substitution and NPs concen-
tration contributed combinedly to the emulsification capacity. The nanosystem, at 5% concentration with 20% 
OSA modification, had droplets of approximately 1 μm in diameter, and could withstand a 60-day-long storage, 
five-cycle freeze-thaw and thermal stability tests. In addition, it also displayed higher mechanical stabilities to 
shear-thinning.   

1. Introduction 

Two classical types of special starch with widely different function-
ality are of tremendous importance for starch applications; high amylose 
starch (HAS) with, more than 50% amylose and a more linear and lower 
molecular weight structure, and waxy starch completely devoid of 
amylose, having a more branched and higher molecular weight (Blen-
now, 2018). The HAS types typically have a loss of function of the starch 
branching enzyme IIb (SBEIIb) gene, which leads to an increased 
apparent amylose content (Boyer et al., 1980; He et al., 2020). The other 
one, called waxy type, is an effect of loss of function mutations at the wx 
locus that encodes the granule bound starch synthase 1 (GBSS1) protein 
(He et al., 2020; Jobling, 2004; Li, Gidley, & Dhital, 2019). The high 
amylose contents found in HAS types cause significant effects on the 
physiochemical properties of the starch, including reduction in starch 
granule birefringence, amylolytic susceptibility and gelatinization, and 
increased gel-forming and retrogradation properties (Hoover, 2001; Kou 
et al., 2018; Zhong et al., 2020). 

HAS starch granules are inherently difficult to gelatinize even at 

temperatures as high as 100 ◦C and vigorously stirring (Jiang et al., 
2010). Until recently, the main application for HAS is based on this 
thermal robustness, and therefore utilized as so-called “resistant starch” 
(RS), which provides documented beneficial effects on gut health 
(Blennow et al., 2020; Brumovsky & Thompson, 2001; Thompson, 
2000). In addition, HAS is an interesting raw material for the production 
of pharmaceutical excipients, e.g., controlled release of bioactive com-
pounds taking advantage of its semi-gelatinized and semi-granular 
properties, which prolongs, and thereby controls, the duration of drug 
dissolution, drug diffusion, and tablet erosion (Mulhbacher & Mateescu, 
2005). However, the most common applications of starch are found in its 
pasted and gelatinized states (Kaur et al., 2012; Tam et al., 2004). 
However, these special starches are still awaiting tapping their full po-
tential, especially for HAS and for the special functionality of the 
recently generated pure amylose in barley (Goldstein et al., 2016; Shaik 
et al., 2014, 2016), which has great potential for health promoting foods 
(Sagnelli et al., 2018) and for bioplastics (Sagnelli et al., 2016, 2017). 
Due to these features, amylose-rich starch and other polysaccharides, is 
increasingly gaining interest (Facchine et al., 2021; Le Corre et al., 2010; 
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Ma et al., 2019; Ribeiro et al., 2020; Xu et al., 2021; Yasin et al., 2020). 
Based on their dimensionality, synthesis of nanomaterials can be clas-
sified into four main categories: 0D: nanoclusters, 1D: multilayers, 2D: 
nanograined layers and 3D: equiaxed bulk solids. 0D starch-based 
nanoparticles are usually formed by amylopectin aggregates or 
amylose-alcohol or fatty acid complexes or nanocrystals generated from 
fragments of the granular crystalline lamellae. These 0D nanomaterials 
are applied as stabilizers of emulsions and reinforced fillers for com-
posites (Le Corre et al., 2010; Sun, Li, et al., 2014; Yan et al., 2020). The 
production of NPs from waxy and normal starch types typically involves 
dropwise addition of completely gelatinized starch to cold ethanol (Ma 
et al., 2008; Sun, Gong, et al., 2014). However, a problematic factor 
producing NPs from HAS is the requirement to fully gelatinize the 
granules, which is energy demanding and requires special high-pressure 
facilities. High pressure homogenization (140–250 MPa) has been 
employed to prepare NPs from HAS, generating NPs down to 540 nm 
(Apostolidis & Mandala, 2020). Smaller NPs with hydrodynamic sizes of 
65–390 nm have been prepared by ultrasonication of extruded (die 
extrusion temperature 160 ◦C) succinylated HAS (Escobar-Puentes et al., 
2020). Even smaller NPs, 30–75 nm, were prepared by gelatinizing HAS 
at 160 ◦C and subsequent ethanol precipitation (Qin et al., 2016). In 
addition, dimethylsulphoxide (DMSO) and ionic liquids can also be used 
to efficiently solubilize many polysaccharides (Simi & Emilia Abraham, 
2007; Stevenson et al., 2007), however, these reagents are expensive 
and cannot be regarded as fully environmentally-friendly. 

Emulsions are a mixture of lipid/aqueous systems like oil and water. 
Polysaccharides such as guar gum, gellan gum, and carrageenan can be 
considered very efficient natural emulsifier ever though mega-volume 
polysaccharides such as cellulose, chitosan and starch are gaining in 
interest. However, among polysaccharide-stabilized emulsions, starches 
perform suboptimally as compared to cellulose and chitosan by their 
lower mechanical strength, and so far, starch-based emulsification 
protocols have been reported not to generate very stable emulsions 
(Table 1), especially for many emerging and demanding applications 
like optical sensors technology (Helgeson, 2016). Quinoa, potato, 
amylopectin potato, and waxy maize starch are the most common can-
didates for emulsifiers. Quinoa starch granules are especially interesting 
due to its small granule size, 1–2 μm forming Pickering emulsions (Li, 
Zhang, et al., 2019, 2020; Rayner et al., 2012). Starch from potato and 
waxy starch find applications due to their ease of full gelatinization by 
heating and following precipitation with ethanol (Qiu et al., 2016; Tan 
et al., 2012). Hence, the concept of using multi-phase nano-, 
micro-emulsions to generate very small-sized (<100 nm) droplets is 
emerging (Sheth et al., 2020). However, the droplet size of the emul-
sions based on starch derivatives presently produce one to several 
hundred μm macroemulsions (Table 1). Owing to their longer linear 

segments (Shi et al., 1998), HAS can develop pastes with high hardness 
provided that they are fully dissolved prior to NPs fabrication (Liu et al., 
2019). Creaming and sedimentation take place during the post emulsi-
fication process and the formation of strong structures within the 
emulsions can greatly improve the emulsion stability (Tang & Liu, 2013; 
Xiao et al., 2016). As a result, HAS has the potential to provide optimal 
structures for thermostable nano-emulsions. 

Importantly, the above particles do not provide continuous struc-
tures. Cellulose nanofibers have been utilized to obtain a network to 
stabilize oil/water emulsions, which results in small (5–10 μm) capsules 
(paraffin oil embedded in the cellulose network) (Li et al., 2017). Such 
reinforcement materials are characterized by having high levels of 
stiffness and strength, resistance to physiochemical treatment and 
enzymatic hydrolysis. Out of many different starch types, HAS, char-
acteristic of generating high gel strength and higher general mechanical 
and degradative resistance, is regarded to be optimal for such a purpose. 

This study attempts to explore the use of fully solubilized and re- 
associated HAS to produce a nanomaterial with the prospective to go 
beyond 0D structured nano-emulsion systems. To our knowledge, this is 
the first effort to produce higher dimension starch-based nanomaterials. 
We present a dissolution protocol originally developed for cellulose 
using sodium hydroxide at low temperature conditions to produce a 3D 
HAS nanosystem keeping molecular structures as intact as possible 
(Zhao et al., 2020). OSA provides amphipathic functionality to the 
nanosystem. These were tested to produce thermally, relatively resis-
tant, nano-emulsion systems with documented smaller droplet size dis-
tributions. Several HAS-based 3D fibrous network nanosystems were 
found to efficiently stabilize these emulsions. 

2. Materials and methods 

2.1. Materials 

High amylose maize starch (60% amylose, hereafter termed as HAS) 
was provided by Cerestar-AKV I/S, Denmark. 2-Octen-1-ylsuccinic an-
hydride (42482-0604, Lot # MKCB1065V) and paraffin oil (8012-95-1, 
Lot # STBJ4943) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). 

2.2. Preparation of HAS nanomaterial (HAS-Nano) 

HAS (10 g, db) was mixed with ethanol (20 mL, 96%) in a 1000 mL 
beaker. NaOH (250 mL, 0.5 M) was added while stirring constantly with 
a glass rod to ensure a homogenous solution. The above solution was 
incubated still at room temperature for 1 h. The solution was neutralized 
to pH 6.5 with HCl (1.0 M), and 500 mL of ethanol (96%) was added 

Table 1 
Polysaccharide-based particle-stabilized emulsions.  

Particle origin Formation/modification approach Particle size Emulsion droplet size Emulsifying capacity Reference there are 
doulets of the references 

Waxy maize starch OSA modification  20–60 μma  Liu et al. (2018) 
Waxy maize starch Esterification and nanoprecipitation 270 nm 24 μm 1 wt % aqueous 

dispersion 
Tan et al. (2012) 

Quinoa starch OSA modification 1.37–1.44 μm 10–100 μm 4%, w/v (aqueous 
suspension) 

(Li, Zhang, et al., 2019, 
2020) 

Quinoa starch OSA modification 1.65–2.22 μm 30–50 μm  Rayner et al. (2012) 
High amylose maize 

starch 
Starch-lauric acid complex 2–16 μm (similar to 

native starch) 
the smallest droplet 
size of 232 ± 33 μm 

12%, w/v (aqueous 
suspension) 

(Lu et al., 2020) (All the 
emulsions are layered) 

Chitosan Cross linked by genipin 375 nm 10–50 μma 0.05 to 1.0 wt% Hu et al. (2017) 
Chitosan (i) Deprotonation of D-glucosamine units, and 

(ii) cross-linked by tripolyphosphate (TPP) 
16–24 nm 4–12 μm 0.9 and 1.5 g/100 g Ribeiro et al. (2020) 

Nanocellulose Oxidation Nano-network  0.3 wt% Li et al. (2017) 
Waxy, normal, and high 

amylose corn starch 
Supernatant of fully gelatinized starch paste   5 g/100 mL (to 

gelatinize the starches) 
Guo et al. (2020) 

Waxy, normal, and high 
amylose corn starch 

Milling (0.13 kw, 25 h) 1 μm 100–150 μm 6.97 to 7.36 wt% Lu et al. (2018)  

a Deduced from the images. 
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while stirring to separate out the chemically gelatinized nanosized HAS. 
The above suspension was centrifuged at 3000 g for 5 min, and the 
settled nanomaterial was washed 4 times with 250 mL portions of 70% 
ethanol. Milli Q water (150 mL) was added to dilute the nanomaterial. 
The resulting suspension was stirred at room temperature to evaporate 
excess ethanol and reduce the total volume. 

2.3. Modification of HAS-Nano 

The hydrophobicity of HAS-Nano was increased using OSA substi-
tution, providing the HAS-Nano amphipathic properties, which is 
particularly important for the stabilization of emulsions. OSA modified 
HAS-Nano (OS-Nano) was prepared using a simple one-step procedure. 
The homogenous solution obtained in section 2.2 was adjusted to pH 8.5 
using 1.0 M HCl. OSA (5%, 10%, or 20%, based on the dry base of NPs) 
was diluted with triple volume ethanol added slowly into the solution 
while using NaOH (0.2 M) to maintain constant pH, at room tempera-
ture. Modification was considered complete when the pH of the solution 
was constant at 8.5 for at least 15 min and NaOH was not required for 
neutralization. Two volumes of 96% ethanol was added while stirring to 
separate out the OS-Nano (Li et al., 2013; Rayner et al., 2012). The 
above suspension was centrifuged at 3000 g for 5 min, and the sedi-
mented OS-Nano was washed using four times 250 mL aliquots of 70% 
ethanol. The nanomaterial was finally diluted to 150 mL with MilliQ 
water. Excess ethanol was removed by evaporation 8 h at room tem-
perature. In addition, the NPs of different OSA dosages were represented 
as 5OS-Nano, 10OS-Nano, and 20OS-Nano. 

2.4. Physicochemical properties of the HAS-Nano and OS-Nano 

2.4.1. Determination of the dry matter (DM) content 
DM was determined using an Eppendorf Concentrator Plus 

(Hamburg, Germany). Approximately 1 g of HAS-Nano or OS-Nano so-
lution was accurately weighed (weight w1) into pre-weighed 2 mL 
microcentrifuge tubes (weight w2) and the samples dried in vacuo 
(30 ◦C) until constant weight (w3). 

The DM was calculated as: 

DM=
w3 − w2

w1 + w2  

2.4.2. Determination of the degree of substitution 
The degree of substitution (DS) of OS-Nano, defined as the average 

number of hydroxyl groups substituted per glucose unit, was determined 
by titration as previously reported (Song et al., 2006) with modifica-
tions. OS-Nano or HAS-Nano samples (1 g DM) was accurately weighed 
into a 50 mL centrifugation tube, 1 mL isopropanol was added to 
pre-soak the starch, 5 mL of HCl (2.5 M) in isopropanol was added and 
the solution stirred for 30 min. Then, 20 mL aqueous isopropanol so-
lution (90%) was added, and the slurry was stirred for 10 min. The 
suspension was washed by successive centrifugation (3000 g, 10 min) 
with aqueous isopropanol solution (90%) until no Cl− could be detected 
(using 0.1 M AgNO3 solution). The starch was re-dispersed in 200 mL 
MilliQ water, the suspension incubated at 100 ◦C for 20 min with stir-
ring, and the starch solution titrated to neutrality with 0.100 M NaOH, 
using phenolphthalein as an indicator. The HAS-Nano was applied as a 
blank, and the DS was calculated: 

DS=
0.162 × (A × M)/W

1 − 0.210 × (A × M)/W  

Where A is the volume of NaOH (mL), M the molarity of NaOH, and W 
the DM of samples. 

The reaction efficiency (RE) was calculated as follows: 

RE =
ActualDS

TheoreticalDS
× 100%  

TheoreticalDS=
OSA% × 162

210.72
× 100% 

The theoretical DS was calculated assuming that all the added an-
hydride reacted with starch to form the ester derivative (Song et al., 
2006). 

2.4.3. Light transmittance 
The transmittance (%) of the starch NPs suspensions (0.5%, w/w) in 

deionized water was measured at 640 nm against a deionized water 
blank with a UV–Vis spectrometer. The starch NPs suspensions were 
treated for 3 h in an ultrasonic water bath (model 2510 E-MT, Branson, 
Missouri, US) to keep the NPs continually suspended. 

2.4.4. Field emission scanning electron microscopy (FE-SEM) 
FE-SEM images of the NPs were obtained as reported (Tan et al., 

2012; Xu et al., 2021). An emulsion was prepared from 1 mL of NPs (1 wt 
% DM) and 1 mL of toluene. A droplet of emulsion was air-dried at 30 ◦C 
in a tray tape dryer on a conductive double glued tape of iron, and 
thereafter sputter coated with gold. 

2.4.5. ZetaSizer particle size and polydispersity analysis 
The particle size and polydispersity of HAS-Nano and OS-Nano in 

aqueous solution were measured by using a Malvern ZetaSizer Nano ZSP 
instrument (ZetaSizer Nano ZS90, Britain) at 25 ◦C. The suspensions 
were diluted with MilliQ water to 0.01% and was mixed at 90 ◦C and 
sonicated (ultrasonic cleaner, model 2510 E-MT, Branson, Missouri, US) 
before measurement in triplicate. 

2.5. Preparation of emulsions 

Emulsions were prepared by mixing the HAS-Nano, 5OS-Nano, 
10OS-Nano, 20OS-Nano at different concentrations (1, 2, 3, 4, 5, and 
7%, w/v, DM) with equal volumes of paraffin oil using a polytron ho-
mogenizer (PT 3100) (Kinematica Instruments, Luzerne, Switzerland) at 
25,000 rpm for 1 min. The obtained emulsions were sealed in glass tubes 
(17 mm diameter, 68 mm height) and stored at room temperature for 
two months for stability measurement (Li et al., 2020). After the storage, 
the emulsion layers, free oil layers, creaming layers, and water layers 
were inspected. Stable emulsions were identified by high ratios of the 
emulsion layer as compared to the others. Images of the emulsions were 
recorded before and after storage. 

2.6. Emulsion freeze-thaw stability 

Selected emulsions (1, 3, 5%) were kept at − 20 ◦C for 8 h, after 
which they were cooled to ambient temperature (25 ◦C, 4 h). Five such 
freeze-thaw cycles were applied, and images recorded before and after 
the test. 

2.7. Emulsion thermal stability 

Emulsion samples (1, 3, 5%) were incubated in a tray type dryer 
(Memmert UFB 400, GmbH + Co.KG, Germany) for 4 h at 30, 40, 50, 60 
and 70 ◦C, and cooled to ambient temperature (25 ◦C, 3 h). Images were 
recorded before and after five heat-cooling cycles. 

2.8. Confocal laser scanning microscopy (CLSM) 

CLSM (Model TCS SP5, Leica Microsystems, Heidelberg, Germany) 
was used to qualitatively assess the size and distribution of starch and oil 
in the emulsions, the emulsions were stained with a mixed fluorescent 
dye solution consisting of 1 mg/mL Sudan red III and 1 mg/mL safranin 
O. The fluorescent dyes were excited by an argon-ion laser at 458 nm for 
Sudan Red and 514 nm for safranin O (Blennow et al., 2020; Liang et al., 
2020). The Sudan red was used to visualise the oil phase and was set red, 
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and the safranin O was used to visualise starch and set green. 

2.9. Rheometry 

The dynamic viscoelastic properties of the HAS-Nano, OS-Nano and 
emulsions were determined using a hybrid rheometer (TA instruments 
Waters LLC, New Castle, US) equipped a cone and plate system (ST 40 
mm SMATR-SWAP, Serial No. 110277) with TRIOS Software (P/N 5333- 
0422, Version 5.0) and the processing gap was set at 200 μm. A total of 
~1 mL of the sample was loaded onto the lower plate of the rheometer 
(preheated to 25 ◦C). The sample was held in the rheometer at 25 ◦C for 
60 s and then subjected to a frequency sweep test using a frequency 
range of 0.1–1000 Hz, with the strain set at 0.1%. Dynamic rheological 
parameters including storage modulus (G′ ), loss modulus (G˝), loss 
tangent (tanδ), and the complex viscosity (η*) were determined for all 
samples. All the rheological measurements were conducted at 25 ◦C. 

2.10. Statistical analysis 

Statistical significance was analyzed using one-way ANOVA and 
Fisher LSD multiple comparisons using the IBM SPSS Statistics Analysis 
(Version 26) software. P values < 0.05 were deemed statistically sig-
nificant. Data quality was validated by duplication. 

3. Results and discussion 

3.1. Physicochemical properties of HAS-Nano and OS-Nano 

When spread as an aqueous suspension onto a SEM stub and dried, 
the HAS-Nano displayed a rough, rippled and undulated surface dis-
playing many small buds of the approximate size of 100 nm as docu-
mented by FE-SEM (Fig. 1A). The OSA modified NPs suspension spread 
onto the SEM stub as a uniform smooth surface. Hence, the non-OSA 
modified sample displayed more non-uniformly NPs-aggregated struc-
tures, while for the OSA modified NPs, these were seemingly completely 
merging to a more uniform molecular network. Due to the presence of 
discrete particles, the non-OSA polysaccharide-based film displayed a 
rough surface, and the surface roughness decreased upon OSA modifi-
cation (Hashemi Gahruie et al., 2019). Such an effect suggests the 
increased hydrophobicity by OSA modification induced a decrease in 
moisture sensitivity and an increase in molecular orientation (Takechi 
et al., 2016; Vuoti et al., 2013). The light transmittance of NPs solutions 
increased considerably with increasing OSA substitution (Fig. 1B). This 
effect suggests the presence of a looser molecular packing of the 
OS-Nano NPs, reduced hydrogen bonding and chain aggregation, as also 
indicated by the smooth surface observed by FE-SEM. The size distri-
bution NPs decreased from 342 nm for HAS-Nano to 122 nm for 
20OS-Nano (Fig. 1C), again indicating that increased molecular hydro-
phobicity is beneficial for producing smaller NPs. The above NPs were 
much smaller than observed in a previous study (329 nm) using OSA 

Fig. 1. A: FE-SEM (scale bar: 5 μm), B: Light transmittance in water, C: Hydrodynamic size distribution of HAS-Nano and OS-Nano.  
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modified HAS with NaOH and extrusion treatment (Escobar-Puentes 
et al., 2019). The reason for this discrepancy can be due to molecular 
fragmentation as an effect of the combined high temperature and shear 
force at the die extrusion zone. However, extrusion cannot achieve full 
solubilization of the HAS. As the OSA modification was processed at the 
molecular-, and not the granular, level, the DS was much higher than 
previous reports. A systematic study of OSA modification of starch 
showed that a DS of 0.040 was achieved using 10% OSA during modi-
fication (Song et al., 2006), while our 10OS-Nano displayed a DS of 

0.066. In that study, the RE decreased significantly with the increased of 
OSA concentration, i.e., from RE 78% for OSA at 3% to RE 40% for OSA 
at 15%. Here, the RE of the three OSA concentration was not signifi-
cantly different (Table 2). In conclusion, the complete gelatinization 
attained by NaOH makes ample amounts of hydroxyl groups available 
for the OSA modification, resulting in higher DS and RE. 

In order to test possible effects of the amylose content on the pro-
duction of NPs, waxy (100% amylopectin) and normal maize starch 
(30% amylose) were tested. The products obtained following precipi-
tation with ethanol were very different from those of HAS and were 
characterized by forming uniform larger gel lumps (Supplementary 
Fig. 1). Any NPs present in the gel-forming aggregates formed by waxy 
starch and normal starch were not readily obtained as separate NPs. 
HAS, on the other hand, formed a highly dispersed precipitate and 
formed a powder-like product after drying. 

Table 2 
DS and RE of the OS-nano.  

Samples HAS-Nano 5OS-Nano 10OS-Nano 20OS-Nano 

DS – 0.032 ± 0.002c 0.066 ± 0.003b 0.117 ± 0.003a 

RE (%) – 82±4a 86±4a 76±2a  

a The numbers with same letters in a row were not significantly different at P 
< 0.05. 

Fig. 2. CLSM images of emulsions stabilized both by HAS-Nano and OS-Nano at three different starch concentrations as indicated on top. The HAS-Nano and OS- 
Nano are labeled green, lipids red. Scale bar: 40 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.2. Properties of emulsions 

Emulsions prepared with different concentrations of HAS-Nano and 
OS-Nano were analyzed by CLSM using two different fluorophores, 
safranin O and Sudan red permitting identification of NPs (green) and oil 
(red), respectively. The emulsion water phase droplets appeared grey 
while merge areas of NPs and oil appeared yellow (Fig. 2). At low NPs 
concentration, the oil phase could not be entirely trapped by the limited 
concentration of starch molecular NPs network as documented by the 
presence of oil phase in red clearly visible for the 5OS- and 20OS-Nano 
emulsions at 1% concentration. The concentrations of the tested HAS- 
Nano and OS-Nano were 1, 3 and 5%, and the temperature 25 ◦C. As 
documented from the CLSM images (Fig. 2), the obtained emulsions 
were water in oil (W/O) systems, where the NPs were distributed in the 
oil phase. Granular starch and its derivatives have been typically 
investigated as O/W emulsion stabilizers due to their inherent hydro-
philic nature (Zembyla et al., 2020). However, recently, W/O emulsions 
stabilized by starch-based emulsifiers were reported (Wang et al., 2016; 
Zhai et al., 2019; Zhao et al., 2019). A W/O system is generally char-
acterized by water droplets embedded in a continuous oil phase, while 
for an oil in water (O/W) system, the case is opposite. The distribution of 
the OS-Nano NPs in the continuous oil phase formation of a W/O system 
here is an effect of the high DS as compared to previously reported data 
(Li, Zhang, et al., 2019; Liu et al., 2018; Miao et al., 2014), which 
increased the affinity of NPs to the oil phase. No large water droplets in 
the HAS-Nano emulsions were found by CLSM analysis (Fig. 2). The 
hydrophobicity of the HAS-Nano 3D nanosystem of was lower than the 
OS-Nano predicting that the HAS-Nano had a lower emulsifying capacity 
than OS-Nano. Hence, the HAS-Nano at 1 and 3% concentrations dis-
played a large lipid continuous phase observed in the CLSM images 
among the aggregated NPs. Moreover, the 5OS-Nano at 1% also had 
some continuous areas around the water droplets, while all the other 
emulsions showed densely packed droplets (Fig. 2). This phenomenon 
indicated that the HAS-Nano could form a continuous 3D nanosystem at 
5% NPs concentration, while the 5OS-Nano formed such a system at 3% 
and 10OS-Nano and 20OS-Nano already at 1% NP. Generally, the 
droplet size of the emulsions decreased with increasing concentrations 
of OS-Nano and the degree of OSA substitution. However, 5OS-Nano at 
5% concentration showed larger droplets than that of 3%. Such an effect 
can be explained by different critical micelle concentration (CMC) for 
the different NPs. Above a given CMC, at which the surfactants starts to 
form micelles, a polymeric surfactant (such as OS-Nano) unimer con-
centration will decrease and may reach values well below the CMC 
(Holmberg et al., 2002). Compared to the 5OS-Nano, the 10OS- and 
20OS-Nano had higher hydrophobicity, and the association of polymers 
might be hindered. The diameter of droplets for the 5% concentration of 
the 20OS-Nano stabilized emulsion was approximately 1 μm, and for the 
3% concentration the diameter was 2–5 μm (Fig. 2). The droplet size was 
much smaller than previously reported emulsions stabilized by milled 
HAS (Lu et al., 2018), where the final droplet size was larger than 100 
μm at 7% starch. The possible reason is that the hydrophobic long 

chained OSA groups slightly increases the molecular size while the 
density of each molecule is decreased due to swelling and the hydro-
dynamic radii of the starch molecules as effects of repulsive interactions 
and actual increase in particle size. Hence, under controlled conditions, 
smaller droplets of a given emulsions (Sheth et al., 2020; R. Zhang et al., 
2020) seemingly promotes aggregation of NPs into an amphipathic 
nano-molecular network. 

3.3. Stability of the emulsion 

In order to measure the stability of the HAS-Nano and OS-Nano- 
based polymeric emulsifiers, the volume ratio of water to oil was set 
as a constant (1:1), the concentration of the HAS-Nano and OS-Nano was 
set as a variable (1, 2, 3, 4, 5, 7%), and the temperature was varied 
accordingly: room temperature (25 ◦C) for storage stability, − 20 ◦C for 
freeze-thaw stability, 70 ◦C for thermal stability and five cycles of 
freezing or heating conducted. 

The stability tests documented that both HAS-Nano and OS-Nano 
stabilized the emulsions from 4% to 1% and upwards, respectively. 
Considering the storage stability, HAS-Nano and OS-Nano displayed 
high emulsion stability after a 60-day-long storage test at 25 ◦C from 5% 
to 3%, respectively (Fig. 3). Notably, compared with most conventional 
amphipathic small solid particles and surfactants, the non-OSA modified 
HAS-Nano at high starch concentrations (5 and 7%) could stabilize 
emulsions through a molecular 3D nanosystem. This is mainly due to 
that the NPs in the 3D nanosystem themself are amphipathic, through 
the hydrophobic C–H groups and hydrophilic O–H groups (Besombes & 
Mazeau, 2005). However, since the hydrophobic/hydrophilic ratio of 
HAS-Nano was lower, the high concentrations (5 and 7%) could 
compensate for this deficiency. The white layer of the unstable emul-
sions stabilized at low (1 and 2%) concentration OS-Nano was on the 
top, but the emulsions for 1, 2, 3 and 4% HAS-Nano had white layers 
both on the top (creaming) and bottom (sedimentation) of the tubes 
(Fig. 3B) again indicating that the NPs favored the oil phase, and at those 
concentrations, the unstable HAS-Nano 3D nanosystems could not 
overcome the emulsifying effect of the hydrophobic groups. Even 
though the hydrophobicity of the OS-Nano was higher than HAS-Nano, 
they could not stabilize the emulsions at 1 and 2% concentrations sug-
gesting that the total amount of hydrophilic groups was also a limiting 
factor at low NPs concentrations. At 3% NPs concentration, the 
5OS-Nano also displayed a tendency for layering, however this phe-
nomenon was not apparent in other OS-Nano stabilized emulsions. The 
emulsion height of 20OS-Nano at 1% decreased after storage (Fig. 3B) 
demonstrating a lower emulsification capacity at this low concentration. 
In addition, the white layer of 5OS-Nano was higher than for 10OS- and 
20OS-Nano, demonstrating its higher emulsifying capacity. This phe-
nomenon is possibly related to a low CMC value for the 5OS-Nano sys-
tem, which is not well defined for these types of emulsifiers and could 
therefore not be readily determined. Hence, the 5OS-Nano might exhibit 
similar properties as so called gemini surfactants, having high surfactant 
efficiency (high emulsion layers) and low CMC (Holmberg et al., 2002). 

Fig. 3. Appearance of emulsions stabilized both by HAS-Nano and OS-Nano as a function of different concentrations (1, 2, 3, 4, 5, and 7%, w/v). A: freshly made 
emulsions; B: after 60 days of storage. 
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However, the emulsion droplet size of 5OS-Nano was larger than 10OS- 
and 20OS-Nano systems. This phenomenon for the 5OS-Nano is in 
agreement with the typical hydrophobic:hydrophilic characteristics of 
gemini, while the hydrophobicity of 10OS- and 20OS-Nano exceeded 
that of gemini surfactants. 

Freeze-thaw and thermal stabilities of a polymer-based emulsion is of 
primary importance for transportation and preservation of emulsions 
and its derived mixtures (King & Naidus, 1969). Following multiple 
thawing of frozen emulsions, some of them were at least partially 
separated as evident for the HAS-Nano 1% and 3%, 20OS-Nano 1% 
samples (Fig. 4B). The OS-modified samples, including the 5OS-Nano 

and the 10OS-Nano at 1, 3, 5% concentrations and the 20OS-Nano at 
3% and 5% concentrations, were all freeze-thaw stable. To our knowl-
edge, there is no available data on freeze-thaw stability of emulsions 
stabilized by polysaccharides. For O/W emulsions, freezing conditions 
caused the solid crystalline oil droplets to be excluded from the space 
taken up by the ice. Upon thawing, these droplets melt and rapidly 
coalesce leading to a so called oil-off effect (Ghosh & Coupland, 2008). 
However, this phenomenon could be avoided in the W/O system, where 
the continuous phase was oil, and this phase was supported by the 3D 
network nanosystem. Notably, the 5OS- and the 10OS-Nano samples at 
1% concentration were unstable in the storage test but they were 

Fig. 4. Appearance of emulsions stabilized both by HAS-Nano and OS-Nano before and after the five-cycle freeze-thaw and thermal stability tests as a function of 
different starch concentrations (1, 3, and 5%, w/v). A: freshly made emulsions; B: Emulsions from A following five freeze-thaw cycles; C: freshly made emulsions; D: 
Emulsions from C following five thermal cycles at 70 ◦C. 
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actually stable in the freeze-thaw test. Among the highly esterified 
nanosystems, 20OS-Nano showed remarkably foaming ability (Figs. 3 
and 4), due to its higher DS, and the foam was clearly observed for 
20OS-Nano stabilized emulsions. OS-starch has been found to have high 
strain softening during homogenization and the strain hardening during 
storage resulting in lower initial adsorption value corresponding to the 
high foamability (Zhan et al., 2019). At low starch concentration (1%) 
the formation of a weakly structured foam also led to phase separation in 
the case of 20OS-Nano (Fig. 4B). 

The thermal stability of emulsions stabilized by HAS-based 3D 
nanosystem was tested. Upon heating, HAS-, 5OS-, 10OS-, 20OS-Nano at 
1% concentrations and HAS-Nano at 3% concentration displayed clear 
layering following the heating-cooling cycles (Fig. 4D). Such thermal 
stability has been demonstrated previously: 1. emulsions (oil fraction: 
7%) obtained using OS-quinoa starch at a 6.6% concentration displayed 
thermal stability against heating to 70 ◦C with stirring (Marefati et al. 
(2017), 2. Thermal stable emulsions generated at concentrations of 7% 
and 10% of the oil fraction, were stabilized by OS-quinoa starch at 7.1% 
concentration and the diameter of the droplets was ~37 μm (Sjöö et al., 
2015), 3. OS-starch stabilized 75% oil fraction (v/v) emulsions at con-
centrations from 3% to 10% were stable at 90 ◦C, but displayed larger 
droplet size, ~5 μm in diameter at 10% concentration (Yan et al., 2019). 
For comparison, our W/O thermal stability test at 70 ◦C amounting 50% 
v/v of the oil fraction showed thermal stability from 3% concentration of 
the 5OS-Nano, generating approx. 1 μm droplets at 5% concentration. In 
addition, thermal stability was similar to the storage test, and for the 
same reason, a lower content of the amphipathic network resulted in 
lower emulsification capacity. In addition, a white creaming top layer 
appeared and a water layer with NPs appeared in the bottom of the 
HAS-Nano at 3% concentration. For the latter, the droplet size was 
indicated large as observed from the translucent appearance of this layer 

(Fig. 4D). Based on the storage, freeze-thaw, and thermal stability tests, 
HAS-Nano 1, 2, and 3% concentration did not confer an emulsion sta-
bilizing effect, but the NPs in the bottom layer (water) and emulsion 
layer both increased (Figs. 3 and 4). With increased NPs concentration, 
the combined effect of emulsification and gravitational separation is also 
known to increase (Thanasukarn et al., 2004). After storage, only small 
amounts of NPs were found in the water layer of emulsions stabilized by 
OS-Nano at 1% and 2%, as deduced from the translucent appearance of 
water layer. Likewise, with increased OSA substitution less NPs were 
detected in the water layer (Figs. 3 and 4) demonstrating that a higher 
OS mediated hydrophobic/hydrophilic ratio can compensate for the 
gravitational separation. At lower HAS-Nano concentrations, no stable 
3D nanosystem was formed. However, the higher DS of the 20OS-Nano 
NPs (DS 0.117) did not support a stable emulsion at 1% (Figs. 3 and 4) 
indicating that the hydrophobicity imparted by OSA was not sufficient 
to stabilize the 3D nanosystem. The hydrophobicity of the amphipathic 
network also affected the thermal stability of the emulsions. The 
OSA-treated NPs stabilized the emulsions at lower concentration (3%) 
than did the HAS-Nano (5%) (Fig. 3) demonstrating that OSA modifi-
cation significantly decreases the need of high NPs concentrations. 
However, even though a minor phase separation occurred for the 
5OS-Nano at 5% concentration (Fig. 4D), the emulsion layer had a 
whiter appearance than the HAS-Nano 5% indicating smaller droplet 
size. Hence, the increase in the concentration of the amphipathic 
network increased the emulsifying capacity. However, the layering 
demonstrates that the gravitational separation partly exceeded the 
emulsification capacity. Still, the 10OS- and 20OS-Nano emulsions at 
5% were fully stable (Fig. 4D) showing that a sufficiently high amphi-
pathic network concentration outweighed the gravitational separation 
effect. 

Fig. 5. Frequency dependent measurement of the storage modulus (G′ , A), loss modulus (G′′, B), Tan δ (C), and complex viscosity (η*, D) of the emulsions.  
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3.4. Rheological behavior 

The amphipathic network provides a highly complex multi-phase 
nano-emulsions system with both solid (elastic) and liquid (viscous) 
properties. Hence, we studied the visco-elastic properties of the emul-
sions. Specifically, the viscosity is an essential characteristic for an 
emulsion reflecting the magnitude of dynamic intermolecular in-
teractions. For the rheological parameters extracted, we calculated the 
storage (elastic) modulus G′ , the loss (viscous) modulus G′′, and the 
frequency sweep curves, the latter to reveal any continuous material 
deformation. Finally, the loss tangent, Tan δ (G′′/G′ ), being high (≫ 1) 
for a liquid-like materials and low (≪ 1) for solid-like materials and the 
complex viscosity (η*) providing information about rates of structural 
rearrangement of deforming complex fluids (Larson, 1999). Due to the 
instability of the HAS-Nano at 1, 2, 3 and 4% concentrations and 
OS-Nano at 1% concentration, these samples were not analyzed. For the 
same reason the measurement ranges of the HAS- and OS-Nano samples 
were restricted. Taken together, the G′ , G′′, Tan δ, and η* were collec-
tively influenced by the concentration and the OSA imparted hydro-
phobicity and as an effect, the relationships among them were complex 
(Fig. 5A and B). The G′ followed the order: 10OS-2% < 5OS-2% <
20OS-2% < 5OS-5% < 5OS-3, 4% ~ HAS-5% < 20OS-3, 4, 5%–10OS-3, 
4% ~ 5OS-7% ~ HAS-7% < 10OS-5% < 10OS- 7% < 20OS-7%. The G′′

followed the order: 5OS-2%–10OS-2% < 20OS-2% < HAS- 5% < 5OS- 3, 
4, 5% ~ HAS- 7% < 5OS-7%–10OS- 3, 4%–20OS-3% < 20OS-4% <
10OS-5%–20OS-5% < 10OS-7% < 20OS-7% (Fig. 5A and B). At high 
NPs concentration (7%), the G′ , G′′ and Tan δ of 5OS-Nano and 
HAS-Nano were similar, which suggests that the DS 0.032 of the 
5OS-Nano was reaching a saturation for the rheological system. How-
ever, apart from OS-Nano at 2% concentration which was very unstable, 
the Tan δ of the 5OS-Nano at 5% concentration was the highest, and its 

η* was the lowest indicating that the intermolecular force of this sample 
was relatively small and leading to an unstable system. This phenome-
non corroborates with the fact that the 5OS-Nano emulsion at 5% con-
centration was thermally unstable (Fig. 4D). The G′ and G′′ parameters 
of the OS-Nano at low (2%) concentration were the lowest among the 
tested samples, but the Tan δ values were the highest (0.6–1) (Fig. 5A 
and B). As deduced from the stability test, 2% of the OS-Nano was too 
low to form a functional 3D nanosystem. The highly substituted NPs 
(10OS- and 20OS-Nano) exhibited similar and high G′ and G′′ values at 
high concentration (7%), and were also similar at 3, 4, and 5% con-
centrations (Fig. 5A and B) indicating that the DS 0.066 was sufficient 
for obtaining a rather solid emulsion system. The Tan δ values for all the 
stable emulsions were in the range of 0.2–0.5 (Fig. 5C), and the droplet 
size of all the stable emulsions ranged 1 to several μm in size (Fig. 2). In 
comparison, the Tan δ of OSA modified quinoa starch granule stabilized 
emulsion systems only reached approximately 0.00075–0.057 (Li, 
Zhang, et al., 2019, 2020), and chitosan systems showed lower Tan δ 
values ranging 0.1–0.2 and the droplet size of the these emulsions were 
much larger (Ribeiro et al., 2020). Our stable emulsion systems could 
bear a high frequency, 500 ω/s, without any downward trend in storage 
and loss moduli (Fig. 5A and B). In contrast, the frequency tests of other 
polysaccharide-based emulsions usually drop sharply before angular 
frequency 100 ω/s (Facchine et al., 2021; Lawal et al., 2011; Li, Zhang, 
et al., 2019, 2020; Ribeiro et al., 2020; Yasin et al., 2020). The higher 
robustness of the HAS-based systems is probably an effect of intermo-
lecular and inter NPs chain-chain interactions forming the NPs nano-
network, which is the predominant factor for a forming a strong elastic 
system. The complex viscosity, η*, for all systems decreased with 
increasing angular frequency (Fig. 5D) demonstrating a shear-thinning 
behavior. This effect was more evident at higher NPs concentrations. 

Fig. 6. Schematic representations of emulsions stabilized by non-modified and OSA modified HAS NPs, showing that high concentration and OSA modification 
contributed combinedly to the emulsifying capacity. A and E: single HAS molecules, B and F: emulsifiers at lower concentration by non-modified and OSA modified 
HAS NPs, respectively; C, D and G, H: increased concentration of the non-modified and OSA modified HAS NPs. 
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3.5. Possible mechanisms behind the nano network stabilized emulsions 

OS-modified starches are widely used as emulsifiers and reported to 
be classified as branched (electro)-steric stabilizers. As opposed to many 
studies that dealt with OS starches at granular levels (Gu et al., 2015; 
Song et al., 2006; H. Zhang et al., 2018), we modified the HAS with OSA 
at the solubilized, molecular level generating higher RE and thereby 
higher DS. The obtained emulsions stabilized by the 3D nanosystems 
were documented as W/O systems and the water droplet size was much 
smaller than previously published emulsions (Table 1). We depict 
plausible mechanisms for the 10OS-Nano and HAS-Nano in stabilizing 
emulsions at different concentrations (Fig. 6). It should be noted that the 
hydrophobic interactions, homogenization, and desiccation combined 
have influence on the size and interaction of the starch molecules and 
thereby affect the amphipathic network. Well separated HAS molecules 
obtained directly after homogenization of the emulsions (Fig. 6A, E) 
where the latter (Fig. 6E) was OSA modified, showed larger radii due to 
the reduction of intramolecular aggregation of glucan chains. 
Non-modified (Fig. 6B) and OSA modified (Fig. 6F) NPs consist of 
aggregated HAS molecules, obtained after homogenization and subse-
quent aggregation. Their sizes have been documented by ZetaSizer 
particle size measurement (Fig. 1C), and the OS-NPs displayed smaller 
sizes. With increased starch concentrations, the size of water droplets in 
the emulsions decreased, (HAS-Nano, Fig. 6C and D and OS-Nano, 
Fig. 6G and H), indicating increased emulsifying capacity. Compared 
to the non-OS nanosystems, the OS nanosystems displayed smaller water 
droplets size. 

4. Conclusion 

HAS-based 3D nanosystem was produced by complete chemical 
gelatinization, modification with OSA, and an ethanol nanoprecipitation 
protocol. The entire experiment process was taken under ambient tem-
perature to minimize the molecular disruption. The higher linear mo-
lecular constitution of the amylosic part and the molecular 
polydispersity of the HAS is suggested to contribute to the strength of the 
obtained 3D nanosystem. The relatively low molecular size and its 
inherent high capacity for intermolecular aggregation of the amylose in 
HAS generated small-size NPs that nano-aggregated to a network 
capable of stabilizing emulsions restricting droplets droplet size down to 
1 μm in size. OSA modification performed at the molecular level resulted 
in high RE and DS. The combined effects of NPs concentration and OSA 
modification resulted in smaller droplet size. Specifically, the non-OS 
NPs, HAS-Nano used at high concentrations (5 and 7%) generated sta-
ble emulsions with high freeze-thaw and thermal stability. For OS- 
modified samples, the NPs concentrations used for generating stable 
emulsions could be decreased to 3%. Even though the storage and 
thermal stabilities of OS-NPs at low concentrations (1%) were lower, 
they showed high freeze-thaw stability. For the OS-Nano with very high 
hydrophobicity, DS 0.117, the freeze-thaw stability was low due to the 
formation of a foam. 

Three main factors are likely responsible for the emulsifying effects. 
First, the concentration of the amphipathic network is likely the most 
limiting factor as evident from the emulsion systems with low NPs 
concentrations, which did not display fully stable systems regardless of 
the OSA modification. Second, the hydrophobic:hydrophilic ratio, 
directly related to the OSA modification (OS-Nano systems), showed 
that the use of NPs could be decreased in the emulsion systems while 
maintaining an emulsifying effect. Third, the gravitational separation 
was more significant at low hydrophobic: hydrophilic ratios and low NPs 
concentrations. 
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