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A B S T R A C T   

The aim of this research was to introduce a novel method to use zein protein and stabilize an ethanol-based 
emulsion. To study the effect of ethanol in the continuous phase of the emulsion on the stability and micro-
structure of the emulsions, ethanol content was tuned in the range of 50–90 %v/v. Also, the effect of zein 
concentration on the stability of ethanol-based emulsions was examined. The microstructure and mean droplet 
size of emulsions were measured using static light scattering (SLS), with Coherent Anti-Stokes Raman Scattering 
(CARS) Microscopy combined with image processing. The results showed that the effect of ethanol concentration 
on the interfacial tension and zein solubility plays a substantial role in the formation, stability, and micro-
structure of emulsions. The data indicated that 70 %v/v ethanol content resulted in the lowest interfacial tension 
between oil and ethanol-water mixture in the presence of 10 %w/v zein. Therefore, the minimum mean droplet 
size was achieved at 70 %v/v ethanol equal to around 10 μm. Furthermore, increasing zein concentration 
decreased oil droplet mean size and enhanced the emulsion stability against Ostwald ripening.   

1. Introduction 

Oil-in-water emulsions are used to design a wide range of products 
from pharmaceuticals, personal care goods, and processed foods. Pro-
teins have been widely used as emulsifiers to facilitate the formation of 
Oil-in-water emulsions with long stability and particular physicochem-
ical properties (Ghavidel & Fatehi, 2021). Oil-in-water emulsions are 
useful in their own right or as intermediate states before transformation 
to new materials, such as oleogels (Tavernier et al., 2017), oleofilms 
(Hopkins et al., 2015), or encapsulated oil-based ingredients (Li et al., 
2022). Plant proteins have recently attracted growing interest due to the 
necessity of transitioning from animal-based food resources toward 
more plant-based products. This transformation is leading to the 
development of novel food systems and introducing new approaches to 
food production and consumption (Zhu et al., 2021). However, 
substituting plant-based proteins is still a major challenge due to the 
lower functionality of plant proteins due to their poor aqueous solubility 
(Hinderink et al., 2021a; Nikbakht Nasrabadi et al., 2021). 
Oil-in-aqueous ethanol emulsions can be a promising system to over-
come the incorporation limits of poor water-soluble functional com-
pounds or proteins (Xu et al., 2001). 

Ethanol-based emulsions are used in cosmetics and personal care 

products. The presence of ethanol provides the possibility of adjusting 
the rheology, and the feel of emulsions. Moreover, ethanol can increase 
the solubility of active ingredients and their penetration in skincare 
products (Sun et al., 2022). While, there are a few applications for 
ethanol-based emulsions in food systems such as cream liqueurs (Banks 
et al., 1981), they can be envisioned to be used as an intermediate sys-
tem in preparing food products such as oleogels using the 
emulsion-template approach. Thus oleogelation by using components 
that are more soluble in ethanol than water can be introduced. 

Ethanol can have various impacts on emulsion stability depending on 
the emulsifier used to stabilize the emulsion. Espinosa et, al. reported 
that ethanol had an improving effect on the properties of alcohol- 
containing emulsions made with sodium caseinate. In particular, the 
region of stability of emulsions was limited to ethanol concentration 
below 30 wt% where the emulsion showed low viscosity and mono- 
modal droplet size distribution (Espinosa & Scanlon, 2013). Dickinson 
et al. showed that emulsions are stabilized with a “modest” amount of 
low molecular weight surfactants in a combination with proteins 
showed improved stability in the presence of ethanol (Dickinson et al., 
1989). The quantity of ethanol can also change the stability of the 
emulsion. A low concentration of ethanol can enhance the stability of 
the emulsions by decreasing oil droplet size as a consequence of reduced 
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interfacial tension (Sun et al., 2022; Zeeb et al., 2014), while high 
ethanol content changes the solubility of surfactants causing instability 
in the emulsion (Erxleben et al., 2021) or enhancing Ostwald ripening as 
a consequence of increased oil solubility (Dickinson et al., 1999). 

Corn protein or zein is a class of prolamin storage protein, rich in 
proline and glutamine. Zein is produced as a by-product of corn starch 
and corn syrup production for both food and bioethanol. It is composed 
of four fractions of α, β, γ, and δ categorized based on the molecular 
weight and structure. The most abundant fraction in commercial zein is 
α-fraction which is soluble in 50–95% ethanol-water mixture. More than 
half of the amino acids in zein are non-polar and this gives the protein a 
hydrophobic nature that cannot be dissolved in water, but its solubility 
improves by adding a sufficient amount of alcohols, glycols, or exposing 
zein to extreme alkaline conditions (De Vries et al., 2014; Glusac & 
Fishman, 2021; Mattice & Marangoni, 2020c). A wide range of appli-
cations in different industries has been brought for zein, especially in the 
fields of food and biomedicine (Luo & Wang, 2014). 

Due to the low solubility of zein in water, it cannot stabilize Oil-in- 
water emulsions and zein needs to be modified before such applica-
tion. Zein nanoparticles are formed using anti-solvent precipitation 
methods and can be used to stabilize Oil-in-water Pickering emulsions 
(Dai et al., 2018; De Folter et al., 2012a). Different attempts have been 
made to improve the functionality of zein nanoparticles and their 
emulsion stability and functionality by complexation of other compo-
nents such as tannic acid (Zou et al., 2015), sodium stearate (Gao et al., 
2014), chitosan (Wang et al., 2016), gum arabic (Dai et al., 2018), sugar 
beet pectin (Soltani & Madadlou, 2015). Although, Tsung et al. is the 
only work done on applying zein molecules as a gelator in the 
ethanol-zein-oleic acid system (Tsung et al., 2020). 

The purpose of this study was to introduce a novel method for sta-
bilizing emulsions using hydrophobic plant-based proteins such as zein. 
The main idea is that by interchanging the continuous water phase with 
a binary mixture of the two polar solvents, water, and ethanol, one 
obtains an extra degree of freedom for tuning the effect of zein on 
emulsions formation and stability. The zein solubility and interfacial 
tension as a function of ethanol, and zein concentration were measured. 
Also, emulsion formation and stability were studied using static light 
scattering (SLS) and Coherent Anti-Stokes Raman Scattering (CARS) 
Microscopy in combination with image analysis. 

2. Materials and methods 

2.1. Material 

Zein (Product Z3625 with a purity of around 88–96%) and ethanol 
96% were purchased from Sigma-Aldrich, Inc (St. Louis, MO, USA). 
Sunflower oil (Ponte Sisto, Nyborg, Denmark) was used in this research. 
Mili-Q water was used throughout the study. All other chemical agents 
were analytical grade. 

2.2. Emulsion preparation 

Two sets of emulsion were prepared as explained in the following 
text:  

i) 4% w/v zein (based on total emulsion volume) was dispersed in 
different aqueous-ethanol content (50–90% v/v) to study the effect 
of ethanol content. All the ethanol contents are mentioned in this 
paper are based on the initial ethanol concentration that was used to 
prepare the zein dispersion.  

ii) Different zein concentrations of 0.4, 1.2, 2, 4, 6, 8, 12% w/v (based 
on total emulsion volume) were dispersed in a fixed aqueous-ethanol 
content (70% v/v) to study the effect of zein concentration. 

Then dispersions were stirred gently overnight using a rocket shaker. 
Emulsions were prepared at a fixed oil phase volume fraction (φ = 0.6, 

v/v) adding sunflower oil drop-by-drop during the first minute while 
mixing with a high-speed homogenizer at 12,600 rpm continues for 5 
min (IKA-ULTRATURRAX T25 basic, IKA). 

2.3. Protein solubility 

The solubility of Zein in ethanol-water mixture was measured ac-
cording to a method modified from Zhong et al. (2012). (Zhong & Ikeda, 
2012). Briefly, zein dispersions were prepared as it was mentioned 
above. Then samples were centrifuged at 14,400 g for 30 min as many 
times as it was necessary to achieve a clear solution by collecting su-
pernatant. To remove any remaining aggregates, the supernatant was 
filtered through 0.45 μm Nylon filter. Finally, solutions were diluted 150 
times in 70 (%v/v) ethanol and their absorbance was measured at 280 
nm. 

A standard curve was established from a series of zein solutions in 70 
(%v/v) ethanol at 0–10 (mg/mL). 

The remaining zein concentration in the supernatant was estimated 
based on the standard curve. Then percentages of zein solubility were 
determined after normalization to the mass concentration before 
centrifugation by dividing to initial zein concentration. 

2.4. Interfacial tension 

Interfacial tension was measured using the Du Nouy ring method 
(Force Tensiometer Sigma 703D). The effect of zein concentration and 
ethanol content on interfacial tension was tested for the interface of zein 
dispersion (1, 10, 20 %w/v based on the total volume of dispersion) and 
sunflower oil as well as different aqueous ethanol (50–90 %v/v) and oil. 
The platinum-iridium ring was immersed in the liquid with higher 
density in a cleaned 50 ml beaker. Then an interface between the two 
phases was created carefully by adding the second liquid with lower 
density. All measurements were performed in triplicates and the average 
value and the standard deviation were calculated out of two different 
samples. It was not possible to measure the interfacial tension of two 
liquids where their density match because they did not create any 
interface. 

2.5. Characterization of emulsion stability 

2.5.1. Visual examination 
Emulsion samples were prepared in 20*27 mm (14 mL) glass tubes. 

We stored emulsions at room temperature for 14 days. Gelling properties 
of ethanol-containing zein dispersions and corresponding emulsions 
were visually examined by using the inverted tube technique. Gel or 
emulsion gel was defined as samples that do not flow when their tube is 
inverted. While the samples that flow to the bottom of the tube imme-
diately when inverted were called emulsions or not gelled dispersion. 
Fresh emulsions that did not show any instability or phase separation 
within 10 min after preparation have been considered stable. 

2.5.2. Static light scattering method 
The mean droplet size of all emulsions was determined by using 

Mastersizer 3000 Hydro SV (Malvern Instruments Co. Ltd). The applied 
refractive and absorption index of the dispersed phase was set to 1.469 
and 0.001, respectively. The refractive index of continuous phase at 50, 
60, 70, 80, 90 (%v/v) aqueous ethanol solutions were changed to 1.357, 
1.360, 1.362, 1.363, 1.363 respectively. Samples were added into a 
measurement chamber containing matching ethanol content with 
emulsion continuous phase until the instrument gave an optimum 
obscuration rate between 8 and 15%. Each formulation was prepared in 
duplicates and the mean oil droplet size was expressed as the surface- 
weighted mean diameter d32. 

2.5.3. Coherent Anti-Stokes Raman Scattering (CARS) microscopy 
CARS image acquisition was done using a Leica SP8 CARS 
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microscope (Leica Microsystems GmbH, Mannheim, Germany). The in-
strument is equipped with a picoEmerald (APE, Berlin, Germany) 
multiphoton laser as the light source, consisting of a tunable picosecond 
optical parametric oscillator (OPO) and a solid-state Nd: YVO4 laser. 
The basal wavelength of 1064.5 nm of the laser was used as the Stokes 
beam, whereas the pump beam was tuned to 817 nm to target the mo-
lecular vibration of -CH2 - and identify lipids. For detection, the in-
strument is equipped with two epi-CARS non-descanned 
photomultiplier tube (PMT) detectors. The filter cube contained a short- 
pass filter at 750 nm to reduce the non-resonant background reaching 
the detector, and a dichroic mirror at 560 nm to split the light beam. 
Thereby, a broadband filter at 650/210 BrightLine HC (AHF analy-
sentechnik AG, Tübingen, Germany) was used for –CH2- visualization 
(CARS channel), and a 465/170 BrightLine HC filter was used to detect 
autofluorescence from zein protein (autofluorescence channel). 

A 40 × HC PL IRAPO 1.10 NA Leica objective was used for all image 
recordings. Emulsions were placed in an eight-well chambered coverslip 
with a #1.5 glass bottom (Ibidi GmbH, Gräfelfing, Germany). Samples 
were imaged in five different regions of interest (1928 × 1928, pixel size 
= 0.15 μm) at room temperature. Image acquisition was performed in 
two independently prepared samples (n = 2). 

2.5.3.1. Image analysis. Image analysis was performed by combining 
machine learning in Ilastik (v 1.3.3) for automated droplet recognition 
and FIJI (Image J 1.53c) software for droplet quantification. First, a 
small subset of images was loaded into Ilastik for training to label pixels 
into two classes of ‘Oil droplets’ and ‘continuous phase’ by using the 
‘pixel classification’ workflow. Labeling was done manually and during 
training, the live update option was used to review and correct the 
predicted classified pixels until accurate droplet identification was 
consistently achieved (Berg et al., 2019). 

Then, all images from each sample were batch-processed separately 
to obtain a probability image for each batch. This image addressed the 
probability of pixels belonging to each class. These probability images 
were then loaded into FIJI for further image processing. Based on the 
probability map, images were converted to a grayscale image with Fiji 
software. Before that, a median filter (radius = 5) was applied to smooth 
noises. The watershed tool was used for the images on day 14 when it 
was necessary due to intense instability levels and droplets flocculation. 
Particles smaller than 2 μm2 were excluded from further analysis as the 
watershed introduced artifacts to those particles Finally, droplet size 
distribution, span of distribution, and surface average diameter (d32) 
were calculated using Origin software. 

The droplet size distribution, one representative example of all im-
ages has been chosen to present. The average and standard deviation 
were calculated for 10 images (five images for each replicate). 

3. Results 

3.1. Protein dispersibility and interfacial tension 

In order to stabilize an emulsion with zein protein, zein monomers 
and aggregates need to disperse in the continuous phase. Fig. 1 shows 
the zein dispersibility as a function of ethanol concentration. The solu-
bility graph reflects how much zein can be dissolved into a solution from 
a solid state. Unlike a true thermodynamically defined solubility of 
monomers, the solution is opaque indicating the presence of protein 
aggregates. The protein solubility depends on the physical and chemical 
natures of the proteins as well as different method parameters (i.e., pH, 
temperature, the nature of the organic solvent, and the ratio of protein to 
solvent volume) (Arakawa & Timasheff, 1985). In agreement with pre-
vious findings (Liu et al., 2019; Zhong & Ikeda, 2012) the solubility of 
zein depends on the ethanol concentration. The solubility behaviour is 
attributed to the high amount of non-polar amino acid residues in the 
structure of zein (Argos et al., 1982). Our results showed a plateau of 

high solubility from 60 to 80 (%v/v) ethanol content, continued to a 
slight increase in solubility at 90 (%v/v) ethanol. At the lower ethanol 
concentration of 50 (%v/v), the zein solubility was around half of the 
plateau values. In another report, it is further demonstrated that zein in 
practice is not soluble in ethanol concentrations below 50 (%v/v). 
Furthermore, the solubility of zein drops at ethanol concentrations 
above 90 (%v/v) (Nonthanum et al., 2013) and therefore zein solubility 
(without identification of a specific type) has the optimum range around 
60 to 90 (%v/v) (Shukla & Cheryan, 2001). 

The force needed to create an oil droplet of a specific size during the 
emulsification process is proportional to the interfacial tension between 
the polar continuous phase and the oil phase. A low interfacial tension 
will lead to more efficiency in making a dispersion of small oil droplets 
as indicated by the dimensionless Weber number (We= σext  d

2 γ ). Fig. 2(A) 

Fig. 1. Zein solubility as the percentage of dissolved zein out of total added 
protein as a function of ethanol content. Error bars are standard deviations of 
two replicates. 

Fig. 2. Interfacial tension between oil and water-ethanol mixture: (A) Interfa-
cial tension as a function of ethanol concentration for various zein concentra-
tions, (B) Effect of zein concentration on oil-aqueous ethanol interfacial tension 
in various ethanol content. The measurement of interfacial tension between oil 
and dispersions containing 60%v/v ethanol at some concentrations of zein were 
not possible to measure due to density matching. Error bars are standard de-
viations of two replicates. 
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depicts the interfacial tension ( γ) as a function of ethanol content. The 
interfacial tension between oil and aqueous ethanol drops from 24.4 ±
0.9 (mN/m) in pure water to 4.5 ± 0.08 (mN/m) in 90 (%v/v) ethanol. 
However, emulsion droplets also need to be stabilized by the accumu-
lation of surface-active components on the interface. In our case, the 
accumulation of zein monomers and aggregates on the surface is most 
likely the stabilizing principle. The interfacial accumulation of some 
components can indirectly be demonstrated by the ability of the 
component to lower the interfacial tension when increasing the con-
centration of the component. The insert of Fig. 2(B) shows the interfacial 
tension of ethanol-based dispersions of different zein concentrations 
against oil. It can be seen that the interfacial tension can be further 
decreased by the addition of zein depending on the ethanol/water ratio 
of the polar phase. Here it is revealed that at a low concentration of 
ethanol (40–50 %v/v), small amounts of zein of 1 (%w/v) give an 
evident decrease in interfacial tension, whereas further zein addition did 
not lead to further reduction due to saturation effect. Moreover, in low 
zein concentration, the reduction effect of interfacial tension was 
smaller for 70, 80, and 90 (%v/v) ethanol. However, at 70 and 80 (%v/ 
v) the saturation effect was not seen before the addition of 10 (%w/v) 
zein and the lowest observed interfacial tension was 2.7 ± 0.7 (mN/m) 
for 70 (%v/v) ethanol solution at 10 (%w/v) zein. This indicates that in 
practice zein shows a maximum in surface activity for emulsions con-
taining a polar continuous phase of around 70 (%v/v) aqueous ethanol, 
where the smallest interfacial tension can be reached. 

3.2. Effect of ethanol content on emulsion stability 

A series of emulsions of varying ethanol concentrations were pro-
duced to evaluate the stability over 14 days. The emulsions contained 60 
(% v/v) oil volume fraction and a fixed zein concentration of 4 (%w/v). 

The visual stability inspection of samples is presented in Fig. 3. The 
emulsion based on 90 (%v/v) ethanol phase separated immediately into 
an opaque ethanol-rich top phase containing zein and a clearer oil-rich 
lower phase. For ethanol content of 80 (%v/v), the emulsion was more 
stable and only a small volume of ethanol-rich layer separated out on the 
top within 14 days. The 60 and 70 (% v/v) emulsions were completely 
stable from the point of view of visual inspection whereas the emulsion 
containing 50 (%v/v) ethanol a small amount of clear liquid separated 
out. Ethanol-based dispersions of zein are prone to solidify into gels 
(Gagliardi et al., 2020; Zhong & Ikeda, 2012). To investigate the 
incorporation of oil droplets in gel formation in zein-stabilized emul-
sions, zein dispersions were also observed for 14 days (Fig. 1 in Sup-
plementary Information (SI) section). Zein dispersions containing 10 (% 
w/v) zein with various ethanol content did not show any gelation for 14 
days while the corresponding emulsions gelled depending on ethanol 
content (Fig. 3). Specifically, the emulsion with 60 (%v/v) ethanol 
developed a gel structure slowly over 14 days whereas the 50 (%v/v) 
emulsions formed a gel immediately after emulsification. The inclusion 
of oil, therefore, seems to promote gelling compared to the corre-
sponding zein dispersions. 

In order to gain more insight into the structure and stability, the 
emulsions were also imaged using confocal microscopy. Briefly, two 
fluorescent dyes of Nile Blue A and Nile Red were used to label protein 
and oil respectively. However, in ethanol-containing emulsions, the af-
finity of the Nile Blue A probe to proteins was lower due to the different 
solvent characteristics of ethanol/water, and the probe was basically 
dissolved uniformly in the ethanol/water mixture despite the location of 
the protein. Therefore, the label-free Coherent anti-Stokes Raman 
Scattering microscopy (CARS) was used to study the microstructure of 
emulsions as recently introduced for other emulsion systems (Via et al., 
2021). Representative images are shown in Fig. 4 with oil droplets in red 
colour and zein protein indicated in green colour. A brief inspection of 
the microscopy pictures reveals that the oil droplets appeared smallest in 
the 70 (%v/v) ethanol emulsion. All formulations displayed an increase 
in the size of the droplets over the period of 14 days indicating some 
degree of instability. Interestingly, emulsions with 50 (%v/v) and 60 (% 
v/v) ethanol initially appeared as double emulsions with an internal 
ethanol/water phase containing zein aggregates. The double emulsions 
were unstable as the internal phase disappeared over time. In the 50 (% 
v/v) ethanol emulsion, zein is observed as bright localized green spots 
indicating aggregation, whereas for the systems containing more 
ethanol the zein appears as an even green background in the continuous 
phase. These findings are consistent with the smaller degree of dis-
persibility of zein in 50 (%v/v) ethanol than in higher concentrations of 
ethanol. 

The droplet size distributions were quantified from both image 
analysis (Fig. 4) and static light scattering (Fig. 2 in SI section). The 
surface weighted average diameter, d32, from both methods is calculated 
on day zero and after 14 days as shown in Fig. 5. Both methods 
confirmed that droplet size is minimum for formulations based on 70 (% 
v/v) ethanol and droplet size is bigger for both higher and lower ethanol 
content. 

The quantification based on light scattering is based on dilution and 
separation of the dispersed emulsion droplets into a large volume in 
order to obtain low obscurity. In terms of quantifying mean oil droplet 
sizes, the light scattering method can be complicated with the presence 
of other dispersed particles and double emulsions. For example, the 
distribution function at day 0 for 70 (%v/v) ethanol indicated the 
presence of small particles below 100 nm (Fig. 2 in SI section). Such 
small particles are attributed to the dispersed zein nano-aggregates 
rather than oil droplets. Therefore, the distribution function was 
omitted for particles smaller than 1 μm before calculating the d32 
diameter of oil droplets. Especially the emulsions prepared using 60 (% 
v/v) ethanol-water mixture showed the presence of larger particles with 
sizes between 100 μm and 1 mm. This was attributed to bridging floc-
culation between oil droplets caused by zein and therefore a suboptimal 

Fig. 3. The visual appearance of zein-stabilized emulsions with various ethanol 
content of 50–90% v/v and fixed zein concentration of 4% w/v. Upper photo: 
Day 0; Lower photo: Day 14. Emulsion gels were labeled as “Gel". 

S. Keshanidokht et al.                                                                                                                                                                                                                          



Food Hydrocolloids 133 (2022) 107973

5

dilution of particles upon measurement. Due to the extent of problems 
with dilution and separation of droplets, less emphasis is given to the 
quantification based on light scattering. 

Quantification using image analysis (Fig. 5(B)) showed that d32 
showed a minimum value of 11.9 μm at 70 (%v/v) ethanol. All 

formulations showed growth of d32 with time indicating emulsions 
instability. The span of the size distribution was also minimal at 70 (%v/ 
v) ethanol indicating the narrowest size distribution for this formulation 
(Fig. 5(C)). For all formulations, the span was growing with time, thus 
distributions became broader with time. Image analyses were not 
possible to be performed at 50 (%v/v) on day 14 and 90 (%v/v) ethanol 
content because of a high degree of flocculation of oil droplets and phase 
separation respectively. In these images, droplets could not be separated 
using water-shedding therefore their size information could not be 
derived. 

3.3. Effect of zein concentration on emulsion stability 

The stability of emulsions based on 70 (%v/v) ethanol with varying 
content of zein was assessed visually, using static light scattering and a 
combination of CARS microscopy and image analysis. The appearance of 
the fresh and 14 days old emulsions containing 0.4 to 12 (%w/v) zein 
are shown in Fig. 6. All emulsions were initially seemingly stable, but 
emulsions with a zein content from 0.4 to 2% zein separated into a clear 
oil phase at the top and an opaque phase of zein stabilized emulsion at 
the bottom within a few hours. With increasing zein concentration the 
volume of the oily top phase diminished and the bottom emulsion phase 
increased. The emulsions containing 6, 8, and 12 (%w/v) zein were 
stable according to visual inspection and solidified into gels with time. 
One day old emulsion with 12 (%w/v) zein did not flow to the bottom of 
the test tube after being inverted and the 8 (%w/v) emulsion was very 
viscous and could only flow slowly when inverting the test tube indi-
cating the formation of a weak gel. These thickened and gelled emulsion 
gels did not show any visual instability after 14 days. It is to be noted, 
similar to Zhong et al. that zein dispersion with varying zein concen-
trations at a fixed 70 (%v/v) ethanol did not show any gelation on day 
zero, but dispersions with high zein concentrations of 20, 30 (%w/v) 
developed a gel network after 14 days (Fig. 3 in SI section) (Zhong & 
Ikeda, 2012). 

Fig. 7 presents CARS images of emulsions with varying zein con-
centrations. The increase of zein is seen as an increase of the green signal 
in the ethanol/water continuous phase. From visual inspection of the 
CARS images, it is seen that the typical size of the droplets decreased 
with the increasing content of zein. Based on CARS microscopy images, 
the emulsions with a low concentration of zein showed more instability 
as the size of the oil droplets increased more with time. In order to gain 
quantitative insight into the emulsion instability, the droplet size dis-
tribution was again obtained using static light scattering (Fig. 4 in SI 
section) and image analysis (Fig. 7). The corresponding average diam-
eter, d32, as a function of zein concentration is shown in Fig. 5. 

Again, the size distribution function from light scattering showed 
mono-, bi-, and tri-modal distributions indicating the presence of nano- 
sized zein aggregates and similar complications with separation of the 
oil droplets upon dilution. Sizes smaller than 1 μm were removed when 
calculating the d32. For the samples showing gelling (on day 14 and zein 
concentrations above 6 %w/v), the d32 after 14 days is growing with 
zein concentration, which is not consistent with the microscopy images. 
The apparent growth is attributed to difficulties in separating the 
droplets due to the gelling of the samples and the sizes of aggregates 
rather than individual droplets. 

Due to these complications, more emphasis is given to quantification 
based on CARS microscopy and image analysis. For image analysis, d32 
is continuously decreasing with increasing zein concentration while it is 
increasing with time and this growth becomes smaller with increasing 
the zein concentration (Fig. 5(E)). The span of distribution (Fig. 5(F)) as 
well as the growth of the span with time diminished with increasing zein 
concentration. This demonstrated that droplet sizes of emulsions 
became smaller when the zein concentration increased and this was 
accompanied by narrower distribution and higher stability against 
droplet growth. 

Fig. 4. CARS microscopy micrographs and droplet size distribution of zein- 
stabilized emulsions with different ethanol content (50–90 %v/v). Left col-
umn: days 0 and Right Column: day 14. Image analysis could not be performed 
for 50% (day 14) and 90% ethanol content. Image scale bar = 50 (μm). 
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4. Discussion 

The presented results of solubility are overall in agreement with 
other studies. Zein solubility generally increases with increasing ethanol 
concentration and the solubility also depends on the composition of 
different fractions and purity of zein (Shukla & Cheryan, 2001; Zhong & 
Ikeda, 2012). Therefore, it can influence the surface activity of zein. 
Surface active components adsorb at interfaces and lower the corre-
sponding interfacial tension and in many studies involving water and 
oil, the surface loading can be estimated using the Gibbs adsorption 
isotherm (Gülseren & Corredig, 2012; Joshi et al., 2012; Zdziennicka & 

Jańczuk, 2020). The progress of adsorption with concentration for low 
molecular surfactants is often limited by the formation of micelles, ag-
gregates, or mesophases (Zhang & Somasundaran, 2006). In the present 
study, adding more than 10% w/v zein did not reduce interfacial tension 
additionally. In this case most likely caused by reaching the solubility 
limit of the zein fractions where thermodynamic activity as the driving 
force for further adsorption, did not increase. 

In contrast to most studies, our study involves vegetable oil and a 
binary polar phase of a water-ethanol mixture. Thus the system has the 
ethanol concentration as an additional tuning parameter, besides the 
concentration of the surface-active component. The polar phase can thus 

Fig. 5. Left column: Effect of ethanol content on d32 of oil droplets measured by Static Light scattering (SLS) (A) and surface mean droplet size (B) and Span (C) 
calculated by using image analyses on CARS microscopy images on day 0 and 14. Right column: Effect of zein concentration on d32 of oil droplets measured by Static 
Light scattering (SLS) (D) and surface mean droplet size (E) and Span (F) derived from image analyses on CARS microscopy images on days 0 and 14. 
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be tuned with respect to the solubility of the interfacial active compo-
nent and their interfacial activity. Surprisingly, only a few studies are 
directed towards the adsorption of surface-active components on sur-
faces and interfaces of water/ethanol mixtures using the Gibbs equation 
(Huang et al., 1999; Sanaiotti et al., 2010; Zdziennicka & Jańczuk, 
2020). One of these studies indicates that the total lowering effect of 
various surfactants on surface tension and the maximum surface con-
centration becomes smaller when ethanol concentration is increased 
whereas the ethanol effect on critical micelle concentration (CMC) is 
limited (Huang et al., 1999). Thus, the surfactants became less 
surface-active when the proportion of ethanol increased and the 
continuous phase polarity became more apolar accompanied by smaller 
surface tension. 

The present system is more complex and impure due to the presence 
of various zein fractions. The true solubility of the various fractions is 
unknown for this system since zein “solutions” most likely are disper-
sions containing aggregates. Hence, it was not attempted to design ex-
periments to derive the surface concentration using the Gibbs equation. 
Rather it was found that the total lowering of interfacial tension was 
maximum in the vicinity of 70% ethanol whereas it was minimum for 
both the tested 40% and 90 %v/v ethanol system. For the 40 %v/v 
ethanol system, the minimum interfacial tension was achieved already 
at low zein concentration (1 %w/v), indicating that low solubility is 
limiting the surface activity. For increasing ethanol concentration, the 
lowering of interfacial tension takes place over a wider concentration 
range of zein indicating increased solubility. To our knowledge, the 
conformational state of zein at the interphase between oil and aqueous 
ethanol is not studied. Previous researchers investigated the solvent- 
induced conformational changes of zein in aqueous ethanol. More pre-
cisely, it was shown that the structure of zein changes with reducing the 
ethanol content meaning that β-sheet structure increased at the expense 
of α-helix (Uzun et al., 2017; Wang & Padua, 2012). That is, the changes 
in adsorption behaviour of zein could also be related to the conformation 
of zein structure in various ethanol content. At the same time one can 
argue that when both the oil and polar phase become more alike, the 
interfacial tension in the absence of zein diminishes. Therefore, the 
thermodynamic driving force for surface adsorption of zein decreases, 

and zein becomes more inclined to displace from the oil droplet surfaces 
to the continuous phase that can cause a reduction in surface coverage of 
oil droplet and phase separation. We propose that the observed optimum 
in surface activity in the vicinity of 70 %v/v ethanol, is a compromise 
between the above-mentioned counteracting effects involving both 

Fig. 6. The visual appearance of zein-stabilized emulsions with various zein 
concentration (0.4–12% w/v) and fixed ethanol content (70% v/v). Upper 
photo: Day 0. Lower photo: Day 14. Emulsion gels were labeled as Gel. 

Fig. 7. CARS microscopy micrographs and droplet size distribution of zein- 
stabilized emulsions with different zein concentrations (2–12% w/v) in fixed 
ethanol content (70% v/v). Left column: day 0 and Right Column: day 14 
(Right). Image scale bar = 50 (μm). 
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sufficient solubility and driving force for surface adsorption. 
A rather narrow window of stability was found for 4 %w/v of zein 

(based on the total volume of emulsion) and varying content of ethanol 
in the polar phase (Fig. 3). For high ethanol content of 90 %v/v im-
mediate phase separation was observed. The optimum stability was 
observed in the vicinity of 70 %v/v ethanol where droplet sizes were 
minimum. The stabilization mechanism of the emulsions was not clear 
due to the complexity of the system. It could involve adsorption of zein 
monomers or the Pickering stabilization of zein aggregates. From CARS 
microscopy, it was possible to discern some zein aggregates of micron 
size attached to oil droplets, especially for low ethanol content, but the 
action of smaller zein aggregates below the resolution of microscopy 
could not be ruled out. 

From the point of view of ethanol/water ratio as a tuning parameter 
for emulsion stability, this parameter can have multiple effects, such as 
the above-mentioned effects on surface activity, but also possibly on the 
contact angle between zein particles, polar phase, and oil. Previous re-
searchers indicated that zein in itself is not able to stabilize oil in water 
emulsions but zein particles tuned toward being more hydrophilic 
enable emulsions stabilization (Feng & Lee, 2016; Zou et al., 2015). In 
the present paper, we adopt the alternative approach of tuning the na-
ture of the continuous phase to match the oil more and thereby optimize 
the contact angle for Pickering stabilization. At the same time, zein 
solubility increases, and zein will be present in smaller units and 
monomers. It is proposed that zein in 80% aqueous ethanol solution is 
more dissolved and less aggregated than those in 70% aqueous solutions 
(Li et al., 2012). Thus, it can be argued that Pickering stabilization is 
mostly relevant for low ethanol content (i.e. the systems at 50 or 60 % 
v/v) and becomes less relevant for the system with higher content of 
ethanol, where the action of zein monomers is more dominant. This is in 
agreement with the CARS microscopy images where initially double 
emulsions are formed and micron-sized zein aggregates of micron size 
can be identified both at the inner and outer interfaces. Moreover, 
considering the effect of ethanol content on the solubility of zein, 50% 
ethanol was not a good solvent for zein so it led to enhanced 
protein-protein aggregation and the formed aggregates could bind to the 
interface through a Pickering mechanism. 

Another stabilization mechanism is gelling of the continuous phase 
that restricts motions and therefore leads to the coalescence of oil 
droplets (Dickinson, 2019). Dispersions of zein in ethanol/water are 
known to form gels depending on storage time and ethanol concentra-
tion (Gagliardi et al., 2020; Zhong & Ikeda, 2012). Zhong et al. observed 
that zein suspension formed a gel at 70 and 80 %v/v ethanol at all zein 
concentrations (22–30%) while enhancing zein concentration increased 
the possibility of gel formation at 55–65% ethanol (Zhong & Ikeda, 
2012). The reported concentration region for gelling to a large extent is 
overlapping with the concentration regions for observation of emulsion 
gels in this study (1–30 %w/v in polar ethanol phase) and the gelling 
could, therefore, mostly be explained from the simpler systems without 
the action of the oil phase. However, gelling is also observed for 50–60% 
ethanol content where gelling of zein suspension normally is not 
observed (Figure B1 in supplementary). Pickering stabilization can 
induce bridging-flocculation when the same particles stabilize two 
droplets. The gelled structure of 50 %v/v ethanol emulsion can be due to 
cross-linkage between aggregates on oil droplet surfaces due to 
bridging-flocculation. The same gelling effect was observed at 60 %v/v 
ethanol emulsion but the formation of the gel network took longer 
(Fig. 3). Bridging flocculation in these samples can also be confirmed by 
the “glue effect” and difficulties in dispersing the emulsion gel during 
SLS measurements. 

Ostwald ripening is an important destabilization mechanism 
observed in emulsions containing alcohol, as a result of enhanced 
droplet size at the expense of smaller droplets (de Folter et al., 2012b; 
Dickinson et al., 1999; Zhang & Somasundaran, 2006). This effect is due 
to the increased solubility of the oil in the continuous phase in the 
presence of alcohol (da Silva et al., 2010; Dickinson, 2019; Ramalingam 

Kaparthi & K. S. Chari, 1959). The available data for solubility of 
vegetable oils in ethanol-water mixture shows an increase with 
increasing ethanol content although solubility data is not available at 
low temperatures, such as room temperature (Rao & Arnold, 1956). 
Ostwald ripening has been observed as a destabilization mechanism in 
most of the ethanol-based emulsions containing less than 30% ethanol 
(Dickinson et al., 1999; Espinosa & Scanlon, 2013). In the present study, 
the high ethanol concentration of 50–90% (based on continuous phase) 
and increase of average droplet sizes over 14 days, is accompanied by an 
increase of the span of the droplet size distribution even for gelled 
samples, where coalescence is restricted. This indicates that Ostwald 
ripening is an important mechanism in our system. Interestingly, with 
increasing zein concentration, the mean droplet size and span increased 
less over 14 days (Fig. 5). This could indicate that zein covering oil 
droplets is contributing to a diffusional barrier for the transport of oil 
between droplets and thus limiting Ostwald ripening. Alternatively, 
irreversibly adsorbed zein aggregates could limit droplet shrinkage due 
to the formation of an incompressible surface layer of zein and thereby 
diminishing Ostwald ripening (Zeeb et al., 2014). 

The observation of spontaneous one-step formation of double 
emulsions at low ethanol concentrations is interesting since double 
emulsions normally require two emulsification processes. The mecha-
nism behind this, is not fully understood and would require more 
investigation to deduce. However in this study, the oil in ethanol/water 
emulsions are made by slow drop-by-drop addition of oil and this will 
favor that the added oil drop breaks up further and becomes dispersed in 
the continuous water/ethanol phase and this is observed as depression 
of phase inversion for emulsions produced by gradual addition of oil 
compare to direct emulsification of two volumes of oil and water in 
other studies (Maffi et al., 2021). This effect will make water/ethanol 
the continuous phase. On the other hand, the relative affinity of zein 
towards oil or water/ethanol might be shifted towards the oil at low 
ethanol concentration, where zein showed poor solubility. According to 
the so-called rule of Bancroft (McClements, 2020; Ruckenstein, 1996), 
this asymmetry would favor water/ethanol in oil emulsions, and in our 
case, this effect will appear as local inclusions of water/ethanol in the 
oil. At high concentrations of ethanol, where zein shows improved sol-
ubility and compatibility with water/ethanol, the formation of double 
emulsions is not observed. In this context, the double emulsions are a 
consequence of the possibility of tuning the system since the ethanol/-
water ratio is an extra design parameter that does not present in con-
ventional water-based emulsions. 

A few examples of oleogelation by proteins exist (de Vries et al., 
2015; Plazzotta et al., 2020). Oil in water emulsions stabilized by 
macromolecules, like hydrocolloids are intermediate systems for making 
oleogels along the emulsion template method (Patel et al., 2015; 
Romoscanu & Mezzenga, 2007; Tavernier et al., 2017) and in this pro-
cess water-soluble macromolecules are used as oleogelators despite their 
poor solubility in oil. Therefore, we suggest that the hydrophobic 
components showing poor solubility in both water and oil can be 
introduced as oleogelator through the intermediate state of oil in 
water/ethanol emulsion followed by evaporation of the water/ethanol 
phase. More specifically protein-based oleogels based on zein would be 
examples of such a system. The advantage of using a water-insoluble 
oleogelator is the expected improved stability when oleogels are 
formulated in water-containing foods, since contact with water can 
compromise the stability of oloegels (Munk et al., 2019). The use of 
volatile components such as ethanol favors easy evaporation of the 
continuous phase without heating and the associated risk of 
temperature-induced oxidation of the oil. 

5. Conclusion 

In the present work, zein protein was successfully applied for stabi-
lizing oil in aqueous ethanol emulsion. The average droplet size of 
emulsions as a function of ethanol content and zein concentration were 
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examined by image analysis and static light scattering methods. The 
presence of ethanol as the tuning parameter in emulsion had a sub-
stantial effect on the solubility of zein in the continuous phase as well as 
interfacial tension between oil (dispersed phase) and aqueous ethanol 
(continuous phase). The minimum d32 of around 10 μm was achieved at 
70 (%v/v) ethanol where the lowest interfacial tension was observed. 
Furthermore, increasing zein concentration decreased the average 
droplet size and consequently increased the stability of emulsions. When 
higher zein concentrations were added, excess zein formed aggregates in 
the continuous phase resulting in the formation of a gel network. 
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