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A B S T R A C T   

Concentrated emulsions were prepared at a fixed oil concentration (50 wt%) using faba bean protein isolates 
(FPI) as an emulsifier and texturizer. Effects of FPI concentration (1, 3 and 5 wt%; at pH7), pH (pH 3, 5, 7, and 9; 
3 wt%) and addition of salts (200 mM NaCl and 40 mM CaCl2; at 3 wt% FPI and pH 7) on the emulsion formation 
were studied. The oil droplet size and microstructural characteristics were examined by static light scattering and 
confocal laser scanning microscopy (CLSM), and the viscoelastic behaviours of emulsions were characterised by 
oscillatory rheology. At all different FPI concentrations, the emulsions formed viscoelastic gels with different gel 
strengths and stability due to network formation and interactions between jammed oil droplets and protein 
aggregates. The oil droplet size, rheological properties, and 3D printability of emulsions were not significantly 
changed by the presence of salts. The storage modulus G′ (1 Hz) values were higher at higher FPI concentrations, 
and higher pH values (i.e., pH 7 and 9) as the droplet size was smaller and the droplet packing was more 
compact, resulting in a better 3D printing performance. Furthermore, the heat treatment (90 ◦C for 30 min) 
remarkedly improved gel strength and the 3D printability because of protein denaturation and oil droplet ag
gregation. This finding demonstrated that the emulsion gel formed with FPI was tuneable for food 3D printing. 
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Most of samples displayed high printing precision with great self-supporting capability, which may find potential 
applications in creating specialised diet.   

1. Introduction 

Extrusion-based 3D food printing is an additive manufacturing 
method for fabricating layer-by-layer solid geometries from edible ma
terials via digital models [1]. Aside from creating complex structures, 
food 3D printing can also be used to formulate customised nutritional 
food formulations for consumers with different needs and preferences 
[1]. For example, 3D-printed foods can enhance children’s curiosity 
towards vegetable-based foods by building fancy food shapes, providing 
more appealing foods for the elderly with swallowing difficulties, and 
creating controllable delivery systems for medication and nutrients [2]. 
However, extrusion printing requires food inks to have shear-thinning 
behaviour and ideal mechanical properties (e.g., G’ > 1000 Pa) [3,4]. 
The printable food inks should flow easily through a nozzle tip and 
develop well-defined geometries [5]. 

Recently, food emulsion gels have been widely used in food 3D 
printing to create fat replacements [6], customised diets [7], and 
encapsulation of functional components [7]. Gels are soft solid-like 
materials with a three-dimensional network structure [8,9] and emul
sion gels are composite structures consisting of oil droplets within a gel 
matrix [10,11]. Due to the emulsion gel’s unique structure and me
chanical properties, it has recently attracted considerable attention due 
to its potential applications as printable 3D food inks [3]. However, most 
of emulsion gels used for food 3D printing are high internal phase 
emulsions (HIPEs) with a high oil content (e.g. φ > 0.74) [12], which is 
not healthy. In addition, most of them showed weak self-supporting 
behaviour after 3D printing [13]. 

Food proteins particularly from animal origins such as gelatine [14] 
and whey protein isolates (WPI) [15] have been extensively used for 
fabrication of emulsion gels. Nowadays, a strategy has been taken to 
reduce animal protein production’s ecological footprint by increasing 
the intake of plant proteins in the human diet [16]. Faba bean (Vicia 
faba) is a promising alternative protein source because of its rich protein 
content (ranging from 27%− 34%) and widely grown around the world 
[17]. Faba bean protein isolate (FPI) is an underutilised functional 
protein source with many technofunctional properties, such as water 
and fat binding, foaming, and gelation capacities [18]. It has been re
ported that FPI showed better emulsifying properties compared to other 
plant proteins such as pea protein isolates [19–21] and lentil proteins 
[22]. Therefore, it is expected that FPI could be suitable for fabrication 
of vegetarian emulsion gels, which may find potential applications as 
salad dressings, plant-based mayonnaise, and 3D printing inks for 
creating customised diets. For example, J. Dille et al. (2022) prepared 
emulsion gels using mixtures of faba bean protein concentrate (FPC) and 
λ-carrageenan with incorporations of 20% and 30% oil. The gelation is 
induced by acidification with glucono-δ-lactone (GDL) [23]. Recently, 
emulsion gels have also been prepared from whole faba bean flour using 
lactic acid bacterial fermentation or GDL acidification as gelation 
methods. However, starch removal is required to improve mechanical 
strength and water holding capability of emulsion gels [24]. To the best 
of our knowledge, there is no information on preparation of emulsion 
gels solely stabilised by FPI and apply them in food 3D printing [25,26]. 
In addition, FPI also showed excellent gelation capabilities [27]. Thus, 
the novelty of this work lies in the preparation of ‘clean-labelled’ 
plant-based emulsion gels solely using FPI as both emulsifiers and tex
turizers and explore their potential applications in food 3D printing. 

In addition, previous studies showed that protein concentrations 
[28], pH [29], and presence of salts [30] could significantly affect the 
formation and characteristics of plant protein stabilised emulsion gels. 
For example, sufficient proteins are required to stabilise oil-water in
terfaces, which leads to emulsions with smaller oil droplet size with a 

high stability. pH values and salt (NaCl and CaCl2) additions have sub
stantial influences on particle sizes, solubilities, and electrostatic in
teractions of protein particles, which in turn affect the emulsification 
and gelation capabilities of FPI and the formation of emulsion gels. 
Therefore, the main objective of this work is to investigate the effects of 
FPI concentrations (1%, 3%, and 5% w/w), different salt additions (200 
mM NaCl and 40 mM CaCl2), and pH levels (pH 3, 5, 7 and 9) on for
mation, physicochemical properties, microstructural characteristics, 
and 3D printing performances of FPI stabilised emulsion gels containing 
50% oil. Also, the impact of heat treatment (90 ◦C for 30 min) on 
characteristics and 3D printing of FPI stabilised emulsion gels was 
explored as the heat treatment is commonly used in food processing as a 
pasteurisation method. This study provides a new route to fabricate FPI 
stabilised concentrated emulsion gels and insight into important factors 
and conditions to be considered for the formation of stable concentrated 
emulsion gels with desired mechanical properties for 3D food printing. 

2. Materials and methods 

2.1. Materials 

The faba bean protein isolate (FPI) was purchased from NZ Protein 
Inc. (Auckland, New Zealand). According to the manufacturer’s speci
fication, the FPI contains ~85% w/w protein, ~5.4% w/w fat, less than 
~1% w/w sugar and dietary fibre. Chemicals used in this study, 
including sodium dodecyl sulphate (SDS), NaCl, CaCl2, petroleum ether, 
Fast Green, Nile Red, acetic acid, low viscosity mineral oil (M5904), HCl, 
NaOH, and sodium azide were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). All chemicals are of analytical grade, and Milli-Q water 
(Millipore, USA) was used throughout sample preparations. Soybean oil 
was purchased from a local supermarket (Pakn save, Albany, Auckland, 
New Zealand). The 4 × Laemmli sample buffer, β-mercaptoethanol, 10 
×Tris/Glycine/SDS running buffer, and Coomassie Brilliant Blue R-250 
staining solution were purchased from Bio-Rad (Hercules, CA, USA). 

2.2. Preparation of FPI dispersions 

A stock solution of 10 wt% FPI was prepared by dispersing the FPI 
powder in Milli-Q water containing 0.04 wt% sodium azide as an anti- 
microbial agent, followed by magnetically stirring (300 rpm) at 
~20 ◦C for 24 h to ensure complete hydration. The pH was adjusted to 
7.0 using 1 M NaOH, followed by stirring (500 rpm) for 6 h. Then, the 
stock FPI solution was stored at 4 ◦C until use within a week. Different 
FPI dispersions with different concentrations of FPI (1, 3 and 5 wt%) 
were prepared by diluting the FPI stock solution in Milli-Q water. The 
pH of FPI dispersion (3 wt%) was adjusted to different pHs (pH 3, 5, and 
9) by 1 M NaOH or 1 M HCl followed by stirring (500 rpm) for 6 h. The 
pH values were adjusted every 2 h until stable during stirring. The FPI 
dispersion (3 wt% at pH 7) was also mixed with salt by adding 200 mM 
NaCl or 40 mM CaCl2. The mixture was stirred by a magnetic stirrer at 
20 ◦C. 

2.3. Characterisations of FPI dispersions 

2.3.1. SDS-PAGE 
SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electro

phoresis) was used to characterise the protein profiles based on their 
molecular weight under reducing and non-reducing conditions [31–33]. 
For SDS-PAGE under reducing conditions, 0.15 wt% FPI solution (25 µL) 
was mixed with 1.25 µL of reducing agent (β-mercaptoethanol) at room 
temperature (~20 ◦C). Then, the sample was boiled for 10 min followed 
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by cooling prior to loading into the Mini-protein TGX precast gel 
(Bio-Rad, USA) with 15% resolving gel and 4% stacking gel. A PowerPac 
Basic (Bio-Rad, USA) was used to perform the electrophoresis at a con
stant voltage of 130 V in a running buffer (10 × Tris/Glycine/SDS 
running buffer) (Bio-Rad, USA). After electrophoresis, the gels were 
stained with Coomassie Brilliant Blue R-250 staining solution (Bio-Rad, 
USA) for 3 h followed by detaining with 10% isopropanol/glacial acetic 
acid solution overnight via a shaker (OM6, RATEK, Australia). For 
protein band identification, a mixture of protein standards with different 
molecular weights (Precision Plus Protein Dual Xtra Standards) (Catalog 
# 161–0377, Bio-Rad, USA) with a MW range of 10–250 kDa was also 
used. For non-reducing SDS-PAGE, β-mercaptoethanol was replaced by 
Milli-Q while the other procedures remained the same. 

2.3.2. ζ-potential of FPI dispersions 
The zeta (ζ)-potential of FPI solution with different pHs and salt 

additions was determined at a protein concentration of 0.1% w/w using 
dynamic laser scattering (DLS) by a Malvern Zetasizer Nano ZS (Malvern 
Instruments Ltd, Worcestershire, UK). A refractive index of 1.45 and 
absorption of 0.001 were applied, respectively [34]. The analysis was 
determined in triplicate. 

2.3.3. Oil-water interfacial tension 
The interfacial tension of oil droplets in FPI (0.1 wt%) dispersions 

was determined by a Theta Flex Plus optical tensiometer (Biolin Scien
tific Instruments, Sweden) using the pendant drop method [28]. The 0.1 
wt% FPI dispersions were prepared by diluting 3 wt% FPI dispersion at 
different pHs and salt concentrations with MQ water with different pHs 
and salt solutions. An FPI solution (25 µL) was generated at the 
stainless-steel syringe tip and immersed in soy oil. The change of 
interfacial tension with time was monitored up to 5000 s and calculated 
automatically by One Attention software (Biolin Scientific Instruments, 
Sweden). 

2.3.4. Protein solubility 
The solubility of FPI in MQ water with different pHs and salt con

centrations was determined according to Luo, Cheng, Zhang and Yang 
[35] with slight modifications. Specifically, the FPI dispersions were 
centrifuged at 2500 × g for 15 min at room temperature (~20 ◦C) by a 
benchtop centrifuge (Thermofisher 3000, MO, USA). Then, the soluble 
protein content in the supernatant was determined using a Bradford 
Protein Assay Kit (Bio-Rad, USA) using gamma-globulin as the standard 
and expressed as the concentration of soluble protein in FPI dispersions. 
A UV-Vis spectrophotometer (Shimadzu 2000, Kyoto, Japan) was used 
to determine the absorbance of protein solutions at 595 nm. The solu
bility (%) was calculated using the following equation: 

Solubility (%) =
Protein content in the supernatant (mg/mL)

Total protein content before centrifuge (mg/mL)
× 100%

(1)  

2.4. Preparation of emulsions 

For the preparation of emulsions, all FPI dispersions were mixed with 
50% (v/v) soybean oil and then homogenised by a high shear mixer (T10 
basic ULTRA-TURRAX®, IKA Corp., Staufen, Germany) with a 10 mm 
probe (S10N-10 G, IKA, Germany) at 14,000 rpm for 1 min to obtain 
coarse emulsions. The coarse emulsions were then further homogenised 
two times via a two-stage high-pressure homogeniser (HPH) (APV 2000, 
SPX Flow Technology GmbH, Germany) at the pressure of 12 MPa (1st 
stage)/2 MPa (2nd stage) for the first pass, and 30 MPa (1st stage)/ 
5 MPa (2nd stage) for the second pass. The stock salt solution was added 
after the first pass of HPH to ensure the uniform dissolution of salts. 
Then, the emulsions were stored at room temperature (~20 ◦C) for 
further tests, which were completed within three days. 

2.5. Characterisation of emulsions 

2.5.1. Oil droplet size 
The mean particle size and particle size distribution (PSD) of emul

sion oil droplets were measured using a static laser light diffraction 
technique (Mastersizer 2000, Malvern Instruments Ltd, Worcestershire, 
UK) which measures a size range of 0.01–3000 µm in diameter. The 
refractive indices used for soybean oil and the dispersant (water) were 
1.47 and 1.33, respectively [36]. The emulsions were mixed with 1% 
SDS solution at a weight ratio of ~1:15 and incubated overnight at room 
temperature (~20 ◦C) before the particle size measurements in order to 
displace the protein particles from the oil-water interface and break the 
oil droplet flocs [37]. The mean particle diameter for single oil droplets 
was represented as the Sauter mean diameter D [2,3]. 

2.5.2. Flowability of FPI-stabilised emulsions 
To visually examine the flowability of FPI-stabilised emulsions, the 

glass vials containing samples were inverted and left on the bench at 
room temperature (~20 ◦C) before the photographs were taken. 

2.5.3. Confocal laser scanning microscopy (CLSM) 
Confocal laser scanning microscopy (Leica DM 6000B, Germany) was 

used to observe the microstructure of FPI-stabilised emulsions prepared 
at various conditions. Fast Green (1% w/v) and Nile Red were used to 
stain protein and oil phases with a ratio of 500:1 (v/v) and 5000:1 (v/w), 
respectively. For thermally treated emulsion gels, the emulsions were 
transferred onto the glass slides sealed with a glass coverslip by nail 
polish to avoid evaporation. Then, the samples were incubated in an 
oven (Thermofisher, USA) at 90 ◦C for 30 min. Fast green and Nile red 
were excited at laser wavelengths of 633 nm and 561 nm, respectively. 
All the images were processed with Image J software (NIH, MD, USA). 

2.5.4. Small and large oscillatory deformation rheology 
Rheological properties of different emulsion gels were characterised 

by a stress-controlled rheometer (Physica MCR 301, Anton Paar, 
Austria) using a parallel plate geometry (40 mm in diameter, 1 mm gap). 
Aliquots of emulsion samples were transferred onto the bottom plate 
with a wood spatula. The sample was then carefully trimmed before 
adding low viscosity mineral oil around the edge of the sample to pre
vent evaporation. The rheological measurements were conducted in the 
following protocol, and the storage modulus Ǵ and loss modulus G̋ were 
recorded during the tests [25]. Firstly, a time sweep measurement was 
conducted at 1% strain and 1 Hz for 1 h to rebody the emulsion gel 
network after loading the samples onto the bottom plate of the rheom
eter. Then, a frequency sweep test was conducted at 1% strain while the 
frequency was varied from 0.01 to 100 Hz. Finally, the large deforma
tion rheological behaviour of the emulsions was determined by a strain 
sweep test at a strain amplitude from 0.01% to 1000% and at 1 Hz. For 
thermally treated samples, a temperature sweep test was conducted by 
heating the samples from 20 ◦C to 90 ◦C at 2 ◦C/min, maintaining at 
90 ◦C for 30 min, and cooling down to 20 ◦C at 2 ◦C/min. The samples 
were equilibrated at 20 ◦C for 15 min before conducting small and large 
deformation rheological tests at 20 ◦C as mentioned above. All rheo
logical measurements were conducted in duplicate. 

2.6. 3D printing 

3D printing of emulsion gels was performed on a Wiiboox Sweetin 
chocolate syringe extrusion type printer (Wiiboox, China) using a metal 
nozzle with a diameter of 0.84 mm. For each sample, emulsion gel 
(~10 g) was put into the syringe and set into the 3D printer. Printing 
parameters used were as follows: printing speed 25 mm s− 1, printing 
temperature 20 ◦C, and the layer height of sample 0.5 mm. 
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2.7. Statistical analysis 

All the experiments were conducted at least in duplicate, and the 
results are reported as mean ± standard deviation (SD). All data were 
analysed using Minitab statistical software (Minitab 19 Statistical Soft
ware, USA). The one-way analysis of variance (ANOVA) was applied to 
analyse the data. The difference between sample mean values was 
evaluated via a Tukey’s test at a significance level of P < 0.05. 

3. Results and discussion 

3.1. SDS-PAGE of FPI dispersions 

The protein profile of FPI was characterised by both non-reducing 
and reducing SDS-PAGE as shown in Fig. 1. Under non-reducing con
ditions, an intense and smeared protein band was found in the loading 
well at the top of the stacking gel, suggesting the presence of large 
protein complex having a molecular weight larger than 250 kDa [38]. In 
addition, there were three major protein bands visible at ~73 kDa, 
~59 kDa, and ~51 kDa, which could be assigned to convicilin, legumin 
(11 S), and vicilin (7 S), respectively [34]. Under reducing conditions, 
the large protein complex band at the top of the gel vanished, together 
with the appearance of two new intense bands at ~ 37 kDa and ~ 
20 kDa. These two bands could be α-legumin and β-legumin, which are 
cross-linked to form legumin via a disulfide (S-S) bond [27]. In general, 
FPI protein profiles observed under both non-reducing and reducing 
conditions were consistent with previous SDS-PAGE studies of faba bean 
proteins [34,39]. The major protein bands are legumin-type globulins 
(11 S) and vicilin-type globulins (7 S) (around 70–78% w/w) followed 
by albumins (2 S) (10–20% w/w) [40,41]. 

3.2. Protein solubility and Zeta potential 

Physicochemical properties of proteins such as electrical net charge 
(ζ-potential), solubility, and interfacial tension are critical in deter
mining the diffusion and adsorption of protein molecules at the oil-water 
interface as an emulsifier [41,42]. The solubility and ζ-potential of FPI 

as a function of pH and salt addition are plotted in Fig. 2. It can be 
estimated that at ~pH 4.5, the net charge was zero (Fig. 2A). The iso
electric point of pH 4.5 for FPI agrees with previous studies [34,42]. The 
lowest solubility among all FPI samples was observed at pH 5 (Fig. 2B), 
which can be explained by its relatively low electrostatic repulsion as 
indicated by the smallest absolute ζ-potential values. Also, as shown in 
Fig. 2B, the addition of NaCl (200 mM) and CaCl2 (40 mM) decreased 
the solubility of FPI, which can be attributed to the charge screening 
effect of salt as evidenced by their low ζ-potential values. The addition of 
salts could thus reduce the electrostatic repulsion and promote the 
attraction and aggregation of FPI molecules. Similar behaviours have 
been reported in previous studies of other plant proteins added with 
NaCl and CaCl2, including soybean proteins [43], pea proteins [44], and 
quinoa proteins [32]. In addition, the FPI added with CaCl2 has signif
icantly lower solubility (~6.7%) than the FPI added with NaCl 
(~12.8%). This could be due to the fact that compared to monovalent 
salt, the divalent salts are more efficient in inducing protein aggregation 
by screening charging of protein molecules and promoting the protein 
cross-linking via salt bridges [32]. 

3.3. Oil-water interfacial tension 

The interfacial tension (IFT) of FPI (3 wt%) at various pHs (3, 5, 7, 
and 9) as well as FPI with added salts (200 mM NaCl and 40 mM CaCl2) 
at pH 7 was determined as a function of time by the tensiometer. The 
interfacial tension of various FPI dispersions as a function of time are 
shown in Fig. 2C. For all FPI samples, the interfacial tension of the 
protein solutions firstly decreased significantly with time until reaching 
an equilibrium at ~5000 s. This is a typical characteristic of proteins 
indicating a stable conformation of protein has been reached after 
migrating from aqueous phase to adsorb and adopt at the oil-water 
interface [45]. The equilibrated IFT values at 5000 s of all the samples 
are shown in Fig. 2D. The equilibrated IFT value decreased from 
~14.2 mN/m to ~6.9 mN/m when the pH values increased from pH 3 to 
pH 9, while the final IFT value was the highest (~16.3 mN/m) at pH 5. 
This indicates that the FPI close to the isoelectric point has the weakest 
interfacial activity, which could be due to its large aggregate size and 
minimum solubility. The similar observation has been made in pea 
protein isolates (PPI) [21]. 

In addition, it shows that the equilibrated IFT values of FPI were 
higher at acidic pH than neutral and alkaline pHs. This finding is in line 
with Keivaninahr, Gadkari, Benis, Tulbek and Ghosh [46], who reported 
that the IFT value of faba bean protein was higher at pH 2 (~15 mN/m) 
than pH 7 (~8 mN/m). Similar finding has been found in a IFT study of 
soybean protein isolate (SPI), where a higher IFT was found at pH 3 
(~14 mN/m) compared to pH 7 (~11 mN/m) [47]. In general, it can be 
observed that protein carrying a higher charge (or with a higher abso
lute zeta-potential values) is more effective to reduce the interfacial 
tension and vice versa. A negative correlation between interfacial ten
sion and surface charges have been also observed in previous studies of 
other plant proteins including SPI, pea protein isolate (PPI), lentil pro
tein isolate (LPI) and canola protein isolate (CPI) at pH 3, 5 and 7 [45]. 

3.4. Microstructural characteristics of emulsion gels 

3.4.1. The effect of FPI concentrations 
The microstructure and flowability of emulsion gels at various pro

tein concentrations (1, 3, and 5 wt%) before and after heat treatment 
(90 ◦C for 30 min) were characterised by using the confocal laser 
scanning microscopy (CLSM), as shown in Fig. 3. 

In CLSM micrographs, the protein phase appears green, while the oil 
droplets appear red. In all samples, FPI seemed to cover and stabilise the 
oil droplets. As the FPI concentration increased, the oil droplets of 
emulsion were smaller with more compact and compressed packing, and 
the formation of protein aggregates became more obvious. This could 
lead to stronger gels observed at emulsions stabilised by 3% and 5% FPI 

Fig. 1. SDS-PAGE profiles of the faba bean protein isolates (FPI) under non- 
reducing and reducing conditions. 
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Fig. 2. (A) ζ potential of FPI dispersions at different pH values (3− 9) and in the presence of 200 mM NaCl and 40 mM CaCl2 at pH 7, (B) solubility of 3 wt% FPI 
dispersions at different pH values (3− 9) and in the presence of 200 mM NaCl or 40 mM CaCl2) at pH 7. (C) Time dependence of oil-water interfacial tension of FPI 
dispersions at different pH values (3− 9) at 20 ◦C. (D) Final interfacial tension values at 5000 s for all emulsion samples. Different letters above the columns indicate 
significant difference (P < 0.05). 

Fig. 3. Confocal micrographs and visual appearance of the emulsion samples before heat treatment. (A, B, and C) emulsions stabilised by 1, 3, and 5 wt% of FPI at pH 
7. (D, E, and F) emulsions stabilised by 3 wt% of FPI at pH 3, pH 5, and pH 9. (G and F) emulsions stabilised by 3 wt% of FPI at pH 7 in the presence of 200 mM NaCl 
or 40 mM CaCl2. 
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as revealed by the tube inversion test [48] (Figs. 3B and 3C inset), 
where the samples stuck to the bottom of vials and didn’t move once 
inverted. However, 1 wt% FPI stabilised emulsion gel was weak, which 
flowed to the bottom of the vial after inversion. Similar findings were 
also reported in previous studies of other plant protein (e.g., quinoa and 
pea proteins) stabilised emulsions. For example, Zhang et al. (2021) 
found that the oil droplet size of quinoa protein stabilised emulsion 
markedly decreased when the quinoa protein concentration increased 
from 1 to 5 wt% [28]. This could be due to the fact that a higher protein 
concentration could stabilise a larger interfacial area, leading to smaller 
oil droplet size and their tighter packing behaviour [48]. 

3.4.2. The effects of pH 
The confocal micrographs and visual appearance of emulsion gels 

that were prepared from a fixed FPI dispersion (3 wt%) at different 
levels of pH 3, 5, 7 and 9 before and after heat treatment are shown in 
Fig. 3. The emulsion stabilised by FPI at pH 3 and 5 showed a lower self- 
supporting gel strength and visual gel fluidity. In particular, the large oil 
droplet and protein aggregates can be observed at pH 5 (Fig. 3E). This 
could be attributed to the extensive protein aggregation at the pH close 
to the isoelectric point (pI~4.5) [49], thus leading to inferior emulsifi
cation capability as revealed by a high IFT value (Fig. 2D). At pH 7 and 
9, semi-solid self-supporting emulsion gels were formed as the emulsions 
remained at the bottom of the vials when inverted (Figs. 3B and 3F 
insets). This could be due to the formation of a strong three-dimensional 
network structure of oil droplets (Figs. 3B and 3F), preventing the 
movement of the oil droplets and providing elastic-like properties [49]. 
This could be due to higher solubilities, large surface charges, lower IFT 
values, and better emulsification capabilities of FPI particles/molecules 
at the pHs away from the pI (pH 7 and pH 9). 

3.4.3. The effects of salts 
The visual appearance and CLSM micrographs of 3 wt% FPI stabi

lised emulsions with and without adding salts (NaCl and CaCl2) are 
shown in Fig. 3 G-H. All emulsion samples formed strong self-supporting 
emulsion gels, regardless the addition of salts. After adding salts, 
particularly 40 mM CaCl2, prominent protein aggregation and large oil 
droplet size can be observed. This could be due to charge screening ef
fect of salts which promoted protein attraction and diminished 

repulsion. Similar observations have been made in other plant proteins 
such as quinoa protein isolates in the presence of NaCl (20–200 mM) and 
CaCl2 (20–50 mM) [32]. 

3.4.4. The effects of heat treatment 
Heat treatments have been extensively used in food processing to 

ensure food safety, therefore, the heat stability of FPI emulsions is 
important for their food applications. As shown in the CLSM images and 
via visual observations (Fig. 4), the oil droplet size and flowability of 
samples were not significantly changed before and after heat treatment, 
except for pH 5 (Fig. 4E), indicating the structural stability of emulsions 
against coalescence and creaming [28]. After heating, the interfacial 
layer became thicker in all heated FPI emulsion gels and the appearance 
of large protein aggregates between the oil droplets was observed 
particularly at pH 5 and in the presence of CaCl2. This could be due to 
the unfolding, denaturation, and aggregation of FPI at a temperature 
beyond its denaturation temperature (~77–85 ◦C) [50,51]. This heat 
induced FPI aggregates may either adsorb at the O/W interface to make 
the interfacial layer thicker or be present in the aqueous phase as active 
fillers in between the oil droplets. This could result in a more compacted 
arrangement of oil droplets, thus providing a solid self-supporting 
structure of the emulsion gels [3,52]. The alteration in microstructures 
may lead to changes in rheological properties of FPI emulsion gels, 
which will be discussed in Section 3.8. 

3.5. Oil droplet sizes and distribution of emulsion gels 

The effects of FPI concentration on the oil droplet size distributions is 
shown in Fig. 5A and D. The emulsion stabilised by 1 wt% FPI displayed 
a bimodal distribution with a major peak at ~8 µm and a minor peak at 
~1 µm. With increasing FPI concentration to 5 wt%, the peaks shifted 
toward smaller sizes to ~ 1 µm and ~ 0.2 µm. The surface mean 
diameter D [2,3] was plotted as a function of FPI concentration as shown 
in Fig. 5D, indicating the oil droplet size reduction induced by the in
crease in FPI concentration. It can be observed that the D [2,3] 
decreased from ~3.8 µm to ~1.6 µm when the FPI concentration was 
increased from 1 wt% to 5 wt%. This finding was consistent with the 
CLSM observation (Fig. 3A-C) as discussed above. Previous studies 
suggested that an increase in protein concentration could enhance the 

Fig. 4. Confocal micrographs and visual appearance of the emulsion samples after heat treatment. (A, B, and C) emulsions stabilised by 1, 3, and 5 wt% of FPI at pH 
7. (D, E, and F) emulsions stabilised by 3 wt% of FPI at pH 3, pH 5, and pH 9. (G and F) emulsions stabilised by 3 wt% of FPI at pH 7 in the presence of 200 mM NaCl 
or 40 mM CaCl2. 
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adsorption and surface coverage ability of FPI on oil droplets, thus 
contributing to stabilising larger interfacial surface areas with limited 
extent of coalescence [53]. Similar findings have been reported in pre
vious studies on other plant proteins stabilised O/W emulsions. For 
examples, Xiao, Gonzalez and Huang [54] utilised karifin particles from 
sorghum to prepare O/W emulsion and indicated that the oil droplet size 
considerably decreased from ~125 µm to ~40 µm when the concen
tration of kafirin particles increased from 0.25 wt% to 2 wt%. 

The effects of pH of FPI on the oil droplet size distributions and D [2, 
3] of emulsions are shown in Fig. 5B and E , respectively. In general, the 
oil droplets stabilised by FPI at pH 5 were remarkedly larger (~12 µm) 
than those at pH 3, 7 and 9, which had comparable oil droplet sizes 
(~2–2.5 µm). This can be attributed to extensive protein-protein ag
gregation caused by the reduced electrostatic repulsions near the iso
electric point (pI~4.5) of FPI, so the FPI adsorption layer was ineffective 
to prevent the aggregation of droplets and the emulsion stability was 
remarkably decreased [19,49]. The minimum effectiveness of FPI as 
emulsifiers close to the pI was confirmed with the IFT result, and similar 
behaviour has been reported in previous studies on O/W emulsions 
stabilised by pea proteins [55], tomato seed protein isolates [56], and 
soybean proteins [57]. It has been suggested that proteins with higher 
stabilities and large surface charges could migrate to the oil-water 
interface faster to lower interfacial tension and provide charge re
pulsions once absorbed onto the interface, thereby resulting in smaller 
oil droplet sizes [49,57]. 

Salts are usually added to the food emulsions to tune their structural 
and mechanical properties as well as for micronutrient fortification (e.g. 
CaCl2). The influence of salt addition (NaCl and CaCl2) on the oil droplet 
size of FPI stabilised emulsion gels was measured at pH 7 and 3 wt% FPI 
(Fig. 5C). The results showed that the NaCl addition (200 mM) did not 
induce significant changes in oil droplet size. However, the addition of 
40 mM CaCl2 led to a slight increase in oil droplets (from ~1.8 µm to 
~2.5 µm). Similar findings were reported in previous studies of SPI 

stabilised emulsion gels in the presence of 40 mM CaCl2 [58]. In general, 
the results indicated that divalent salts, such as CaCl2, had larger impact 
on FPI-stabilised emulsion than monovalent salts such as NaCl, which is 
in agreement with a previous study of tomato seed protein 
isolate-stabilised emulsions containing NaCl and CaCl2 [56]. Although 
the effect of salts on oil droplet size of emulsions depends on the salt 
type, pH and concentration, it is generally believed that divalent salts 
have a stronger effect than the monovalent salts [47,54]. This could be 
due to the strong charge screening and salt bridging effect of CaCl2 than 
that of NaCl, leading to ion-induced droplet aggregation [32,56]. 

In line with confocal imaging, the heat treatment did not induce 
significant changes in the oil droplet size of FPI stabilized emulsions, 
except at pH 5, indicating a good heat stability. However, the oil droplet 
size D [2,3] at pH 5 nearly doubled from ~ 12 µm to ~ 24 µm after the 
heat treatment at 90 ◦C for 30 min, which was in agreement with the 
CLSM observations (Fig. 3E and Fig. 4E). As the oil droplet size was 
determined after gently mixing with 1 wt% SDS to dissociate the floc
culated droplets, the increase in D [2,3] of FPI stabilised emulsion at pH 
5 suggests this was possibly due to droplet coalescence rather than ag
gregation and flocculation [57]. It has been suggested that electrostatic 
repulsive forces between protein films/particles adsorbed onto the oil 
droplets are important in stabilizing emulsions against coalescence and 
flocculation [59]. Therefore, it can be concluded that the emulsion had 
the lowest thermal stability at pH 5 where the repulsions were 
minimum. 

3.6. Small deformation rheological properties of FPI stabilised emulsion 
gels 

Rheological properties of emulsions are strongly related to their 
stabilities [60] and 3D printability [61]. The viscoelastic response of all 
FPI stabilised emulsion gels as a function of frequency is shown in Fig. 6. 
For all samples, G′ and G′′ were parallel to each other and only slightly 

Fig. 5. (A, B, and C) Oil droplet size distribution of FPI stabilised emulsion gel before (open symbols) and after heat treatment (solid symbols). (D, E, and F) Sauter 
mean diameter of oil droplets for all FPI stabilised emulsions. Different capital letters above the columns denote significant differences (P < 0.05) in emulsions 
stabilised by FPI at different concentrations, different pHs or adding with salts. The different lowercase letters denote significant differences (P < 0.05) in emulsions 
before and after heat treatment. 
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changed with frequency. In addition, G′ values were almost 10 times 
higher than G′′. This suggests that all samples presented a prevailing 
elastic behaviour that can be considered as gels [62]. The predominantly 
elastic gel behaviour has been attributed to extensive flocculation pro
cess due to interactions among the emulsifiers (i.e., FPI parti
cles/molecules) located at the oil-water interface of adjacent droplets 
and dense packing of oil droplets [63,64]. Similar findings have been 
observed in concentrated emulsions stabilised by other plant proteins, 
such as canola protein-stabilised emulsions (oil fraction φ = 0.5) [48], 
and dairy proteins, such as whey protein isolate (WPI)-stabilised emul
sions (φ = 0.3–0.6) [65]. 

To compare the gel strength among all the samples, the G′ at 1 Hz is 
plotted in Fig. 6C, F, and I. It is evident that increasing the concentra
tion of FPI led to a greater gel strength of emulsion gels. To be specific, G′

(1 Hz) increased from ~365 Pa to ~4840 Pa when the concentration of 
FPI was increased from 1 wt% to 5 wt%. Similar results have been re
ported in previous studies on plant-stabilised emulsions, including 
quinoa and kafirin proteins [28,54]. For example, in quinoa protein 
stabilised emulsions, the G′ increased from ~100 Pa to ~580 Pa when 
the concentration of QPI increased from 1 wt% to 5 wt%. As shown in 
Fig. 3, the oil droplets with smaller size and more compact packing at 

higher concentrations of FPI may result in a greater gel strength [48]. 
The impact of pH value on the rheological properties of the FPI 

stabilised emulsions was also measured as shown in Fig. 6F which 
summarized the G′ at 1 Hz for different pH values. Emulsions prepared 
by FPI at pH 7 exhibited the highest G′ value (~2800 Pa) followed by at 
pH 9 (~1500 Pa), pH 3 (~1100 Pa), and pH 5 (~500 Pa). The weakest 
gel strength at pH 5 could be attributed to the large size and loose 
packing of oil droplets as revealed by the CLSM observations. Interest
ingly, although the emulsions prepared by FPI at pH 3, 7 and 9 exhibited 
a similar droplet size distribution (Figs. 5B and 5E), their rheological 
properties varied. It has been previously suggested that in a highly 
structured emulsion system, oil droplet size distribution is not the only 
structural parameter influencing rheology of emulsions. Other factors 
such as interdroplets interactions and protein aggregates in aqueous 
phase may also play key roles [28,49,66]. 

As shown in Fig. 6I, adding 200 mM NaCl increased the gel strength 
of 3 wt% FPI (pH 7) stabilised emulsions compared to the sample in the 
absence of salt. This could be due to enhanced interdroplets interactions 
due to charge screening effect and/or protein aggregation at the oil- 
water interface. Similar findings have been reported in karifin stabi
lised emulsions added with 10–50 mM NaCl [54]. However, an increase 

Fig. 6. (A and B) The G’ (solid symbols) and G′’ (empty symbols) as a function of frequency for FPI stablisted emulsion gel systems before (A, D, and G) and after (B, 
E, and H) heat treatment. (C, F, and I) G′ (1 Hz) for FPI stabilised emulsions before and after the heat treatment. Different capital letters above the columns denote 
significant differences (P < 0.05) in emulsions stabilised by FPI at different concentrations, different pHs or adding with salts. The different lowercase letters denote 
significant differences (P < 0.05) in emulsions before and after the heat treatment. 
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in gel strength was not observed when the emulsion gel was added with 
40 mM CaCl2 which could be attributed to large oil droplet sizes and 
excessive protein aggregation at high ionic strength, which can be 
observed in the CLSM micrographs (Fig. 3E) [32,58]. 

It is evident that the heat treatment significantly enhanced the gel 
strength of all FPI-stabilised emulsions (Fig. 6B, C, and E ). This was in 
line with the microstructural characteristics of emulsions as revealed by 
CLSM (Figs. 3–4). The heat treatment induced extensive aggregation of 
proteins located on surfaces of oil droplets, leading to more compact and 
denser packing of oil droplets. In addition, and excess proteins in the 
aqueous phase may also aggregated and act as active fillers in improving 
the gel strength [3,52]. Similar findings have been reported in previous 
studies on heat treatment of emulsions stabilised by canola protein 
isolates [48] and quinoa protein isolates [28]. 

3.7. Large deformation rheological properties FPI stabilised emulsion gels 

Large deformation rheological behaviour and structural breakdown 
characteristics of emulsions can be determined by the strain-sweep 
measurements and the results are shown in Fig. 7. For all the samples, at 

small strain amplitude within the linear viscoelastic region (LVR), G′ and 
G′′ were found to be independent of strain amplitude. In addition, G′ was 
greater than G′′ within the LVR, indicating a gel-like network structure 
with a predominant elastic behaviour [67]. When the strain amplitude 
was beyond the LVR, the G′ values of all samples were dropped 
remarkably, suggesting the onset of structural disintegration. In some 
samples such as emulsions stabilised by 1, 3 and 5 wt% FPI before and 
after the heat treatment, the G′′ values of samples increased and reached 
local maximum values then decreased sharply with the strain increase, 
indicating the type III nonlinear behaviour (weak strain overshoot) [68]. 
The overshoot of G′′ has been also observed in previous rheological 
studies of concentrated emulsions stabilised by QPI [28] and CPI [48]. 
This could be due to energy dissipation induced by the structural rear
rangement under large deformations, but the underlying mechanism is 
still elusive that needs further studies [69]. When the strain amplitude 
was further increased, G′′ decreased much faster than G′ until crossover 
occurs at the breaking stress σb where G′=G′′. Beyond the σb, G′′ was 
greater than G′, which signifies a transition from viscoelastic solid-like 
behaviour to viscoelastic liquid behaviour due to structural break
down [70]. 

Fig. 7. The G′ (solid symbols) and G′’ (empty symbols) as a function of strain amplitude for FPI stabilised emulsions before (A, D, and C) and after (B, E, and F) heat 
treatment. (C, F, and I) breaking stress of all emulsion gels. Different capital letters above the columns denote significant differences (P < 0.05) in emulsions sta
bilised by FPI at different concentrations, different pHs or adding with salts. The different lowercase letters denote significant differences (P < 0.05) between the 
emulsions before and after the heat treatment. 
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To better compare the large deformation rheological behaviours of 
all samples, the breaking stress (σb) of all samples are shown in Fig. 7C, F 
and I. When the FPI concentration increased from 1 wt% to 5 wt%, the 
σb showed a substantial increase from ~80–1150 Pa, indicating stronger 
gels were formed at high FPI concentrations. The effect of pH and salt 
addition on the σb also showed a similar trend as G′ (1 Hz) as revealed by 
small deformation rheological studies, indicating the agreement be
tween small and large deformation rheological behaviours. 

However, as shown in Fig. 7C, F and I, the emulsions after heat 
treatment did not show similar trends in σb as compared to G′ (1 Hz). 
Depending on samples, the σb values were either not significantly 
changed (e.g., 3 wt% FPI stabilised emulsions at pH 3, 5 and 7) or 
increased (e.g., 1 wt% FPI stabilised emulsion at pH 7)/decreased (e.g., 
3 wt% FPI stabilised emulsion at pH 7 added with 200 mM NaCl) as 
compared to samples without the heat treatment. As the large defor
mation rheological properties of concentrated emulsions are complex 
and affected by various factors such as interdroplets interactions, mo
tions and rearrangement, further studies are needed to explore in more 
details [71,72]. 

3.8. 3D printing of FPI stabilised emulsion gels 

Rheological results indicated that several FPI-stabilised emulsion 
gels had great mechanical strength, which are critical for 3D printing. To 
compare the effects of FPI concentration, pH, salt addition, and heat 
treatment on the printing performance of FPI stabilised emulsions, the 
emulsion inks were printed into an octagon-shape geometry as shown in  
Fig. 8. Increasing FPI concentrations greatly improved the printing 
performance and the object printed from 3 and 5 wt% FPI stabilised 
emulsions exhibited sharp boundaries, self-supported structures, even 
surface quality, and high printing precision (e.g., layers can be clearly 
observed in high resolutions). In contrast, FPI emulsions stabilised by 
1 wt% FPI cannot be 3D printed due to their weak gel strength. 3D 
printing performance of FPI emulsions were also substantially affected 

by the pH of FPI. As shown in Fig. 8, emulsions stabilised by FPI at pH 3 
and pH 5 showed distinct fluidity and structural collapse after 3D 
printing, while the printed objects from FPI stabilised emulsions at pH 7 
and pH 9 showed excellent dimensional stability and precision. Addition 
of 200 mM NaCl and 40 mM CaCl2 to the FPI stabilised emulsion inks 
did not significantly affect the 3D printing performance, and well 
defined and self-supported structures were maintained. 

Heat treatment can improve the 3D printability of some emulsion 
samples to some extent (e.g. emulsions stabilised by FPI at pH 3), but it 
still could not form a complete and well-defined structure. Overall, the 
3D printing performances of FPI stabilised emulsions were strongly 
correlated with their rheological properties, which have also been re
ported in previous 3D extrusion printing studies of emulsion gels sta
bilised by pea protein-pectin-EGCG complex [73] and whey protein 
isolates [65]. It is generally believed that high gel strength (e.g., G′ >

2000 Pa) and large LVR regimes are critical for supporting previous 
deposited layers and maintaining the dimensional stabilities. The 
greater G′ values also typically led to better 3D printing performances 
with enhancement of printing precision and resolution of deposited 
layers [74,75]. In addition, all the emulsion samples demonstrated a 
shear thinning behaviour as revealed by the large deformation rheology, 
which are important for their easy and smooth extrusions from a small 
diameter printing nozzle [12]. 

4. Conclusions 

In conclusion, this study demonstrated that faba bean protein isolate 
(FPI) was effective in stabilising concentrated O/W emulsions (φ = 0.5) 
prepared by high pressure homogenisation. All FPI stabilised emulsions 
exhibited as viscoelastic gels due to interdroplets aggregation and 
network formation. The rheological properties and microstructural 
characteristics of emulsions could be tuned by changing FPI concen
tration and pH and adding salts (NaCl and CaCl2). As the FPI concen
tration increased, the storage modulus G′ increased. This could be 
explained by a decrease in oil droplet size, thus tending to form a more 
closely packed and flocculated emulsion network. It was shown that the 
FPI demonstrated the worst emulsification capability at pH values close 
to the isoelectric point (pH 5), as reflected by the high IFT plateau value, 
large oil droplet size, and weak mechanical strength. The characteristics 
of emulsions affected by salt addition depended on the salt type. The G′

of emulsions slightly increased while the droplet size did not change in 
the presence of 200 mM NaCl. In contrast, the G′ of emulsions remained 
nearly unchanged, and the droplet size slightly increased after adding 
40 mM CaCl2. This could be due to different charge screening effects 
between monovalent and divalent salts. For all emulsions, the heat 
treatment (90 ◦C, 30 min) could substantially improve the mechanical 
stiffness without markedly affecting the oil droplet size except for the 
emulsions stabilised by FPI at pH 5. Heat treatment could induce FPI 
denaturation and aggregation, leading to a thickened interfacial layer 
and stronger interactions among FPI at the oil-water interface and be
tween non-absorbed FPI in the continuous phase. Finally, the 3D 
printability of FPI stabilised emulsions was evaluated, which was found 
to be strongly correlated with their small and large deformation rheo
logical properties. All emulsion samples demonstrated desirable printing 
performance except the emulsions stabilised by 1 wt% FPI (pH 7) and 
3 wt% FPI (pH 5), which showed weak gel strength. Overall, this study 
demonstrated a potential of using food-grade concentrated emulsion 
stabilised by FPI as a new material for 3D printing, broadening the ap
plications of plant proteins in the 3D printing. Further work can be 
performed to explore the applications of 3D printed emulsions for 
encapsulation and delivery of nutraceuticals and flavours. 
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