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A B S T R A C T   

Oil-in-water emulsions (EM) have been extensively used for the encapsulation of lipophilic bioactive compounds 
and posterior incorporation into food matrices to obtain functional foods. Conversely, novel excipient oil-in- 
water emulsions (EXC) present identical composition and structure as EM, albeit are not bioactive by them
selves since no bioactive compound is encapsulated. Instead, EXC aims at improving the bioavailability of foods’ 
natural bioactive compounds upon co-ingestion with nutrient-rich foods. In this work, EM and EXC were pro
duced and their stability and functionality as delivery systems for α-tocopherol compared. Emulsions were 
formulated with corn oil and lecithin, and their composition was optimized using experimental designs. For
mulations produced with 3 % lecithin and 5 % oil attained smallest particles sizes with the lowest polydispersity 
index of all tested formulations and remained stable up to 60 days. Encapsulation of α-tocopherol did not have a 
significative impact on the structural properties of the particles produced with the same composition. 
α-tocopherol stability during in vitro digestion was superior in EM regardless the processing methodology (EM 
stability < 50 %, EXC stability < 29 %), indicating that EM offered greater protection against the digestive 
environment. α-tocopherol’s bioaccessibility was significantly increased when encapsulated or when digested 
with added excipient emulsions (82–92 % and 87–90 % for EM and EXC, respectively). In conclusion, EM were 
more efficient vehicles for the selected bioactive compound, however, the good results obtained with EXC imply 
that excipient emulsions have a great potential for applications on foods to improve their natural bioactive 
compounds’ bioavailability without the need of further processing.   

1. Introduction 

The application of bio-based delivery systems for the development 
and fortification of functional food products has been regarded as an 
excellent approach to improve foods’ functional and sensorial charac
teristics, whilst enhancing the stability, bioaccessibility and bioavail
ability of bioactive compounds. Bio-based delivery systems have been 
extensively applied during recent years to overcome challenges of food 
fortification, that are linked to the low solubility of certain bioactive 
compounds, to the low stability of formulated foods and to the high 
degradation occurring during digestion. As such, several approaches 
using various matrices (e.g., lipids, proteins and polysaccharides) have 
been applied to produce delivery systems that grant protection to the 
incorporated bioactive compounds and modulate their release profile 

(Madalena et al., 2022). 
Lipid-based systems, such as oil-in-water emulsions (EM) have been 

extensively used for the encapsulation of lipophilic bioactive com
pounds and posterior incorporation into food matrices to produce 
functional foods (Gonçalves et al., 2022). EM are obtained by processing 
two immiscible liquids with a surfactant, which reduces interfacial 
tension between the liquids and allows the formation of a colloidal 
dispersion (Liu et al., 2019). EM dispersions are characterized by the 
small oil droplets that are distributed through the aqueous phase, 
however, depending on the formulation and applied processing tech
nology, the particles formed will vary in size, dispersity and stability, 
ultimately modulating their properties (Safaya & Rotliwala, 2020). EM 
are extremely advantageous for applications as delivery systems of 
lipophilic bioactive compounds. Lipophilic bioactive compounds 

Abbreviations: EM, oil-in-water emulsions; EXC, excipient oil-in-water emulsions; UT, Ultra-Turrax; HPH, High pressure homogenizer; CCD, central composite 
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generally present low water solubility and are chemically unstable in 
certain environmental conditions (Liu et al., 2019). Also, because of 
their sensitivity, their stability is greatly affected by humans’ harsh 
physicochemical digestive conditions, which may result in lower ab
sorption and reduced functionality (Bourbon et al., 2018). 

One of the most important lipophilic bioactive compounds is vitamin 
E (i.e., α-tocopherol), which has a significant impact on healthy ageing 
(Fernandes et al., 2021). Vitamin E is an important antioxidant in the 
preservation of lipidic membranes and essential fatty acids, presenting 
high quenching capacity and removal of reactive oxygen species. As 
such, vitamin E has important physiological properties in the human 
body, that includes the regulation of genetic expression, modulation of 
cellular functions, inhibition of lipoxygenases and anti-inflammatory 
action (Boccardi et al., 2016; Csapó et al., 2017). Vitamin E is widely 
available in various sources (i.e., plant oils, seeds, nuts, fruits and veg
etables), however, older adults often present vitamin E levels below the 
recommended daily dose (Millen et al., 2016). Moreover, this deficit has 
been linked to the occurrence of cancers, vision loss, arteriosclerosis, 
cardiovascular diseases, sarcopenia, and was suggested to contribute to 
immunosenescence associated with the loss of cognitive functions 
(Casas et al., 2018; Lorenzo-López et al., 2017; Rémond et al., 2015). 
Vitamin E fortified foods have been commercially available, however, 
due to the above-mentioned characteristics of this bioactive compound, 
the effectiveness of vitamin E delivery from these food products is often 
reduced (Lv et al., 2019). 

Several studies regarding the encapsulation of vitamin E in bio-based 
delivery systems proved the efficacy of this strategy on increasing the 
stability, bioaccessibility and bioavailability of this bioactive compound 
in the gastrointestinal tract (Ribeiro et al., 2022; Yang & McClements, 
2013). That said, novel and simpler delivery systems such as excipients 
emulsions (EXC), have been recently studied for their capacity to boost 
the biological activity of naturally available bioactive compounds 
(McClements et al., 2016). By definition, EXC do not contain bioactive 
functions but are designed to increase the functionality of bioactive 
compounds and modulate the digestive fate of the co-ingested com
pounds (Gonçalves et al., 2018). Conversely to emulsions encapsulating 
bioactive compounds, EXC aim at improving the bioavailability of foods’ 
natural bioactive compounds upon their co-ingestion with such nutrient 
rich foods. After ingestion, EXC should interact with the available 
compounds during the digestion process, preventing undesired 
biotransformation and ultimately conferring them higher stability, 
increased bioaccessibility and intestinal absorption (McClements & 
Xiao, 2014). Studies using EXC demonstrated their capacity to improve 
the solubility and bioaccessibility of various liposoluble bioactive 
compounds. For instance, the application of oil-in-water excipient 
emulsions granted a faster solubilization rate of quercetin compared to 
the bulk oil or bulk water, which consequently enhanced quercetin in 
vitro bioaccessibility and in vivo antioxidant activity (Chen et al., 2016). 
Similarly, multiple studies demonstrated that the application of EXC 
increased the bioaccessibility of curcumin powder (Zou et al., 2016), 
omega-3 powder (Hwang et al., 2019), lycopene present in tomatoes 
(Salvia-Trujillo & McClements, 2016; Wang et al., 2023), carotenoids 
present in spinach (X. Liu et al., 2023; Tan et al., 2021), among others. 
Recently, authors tested the influence of various oil-in-water excipient 
formulations on curcumin, and concluded that the EXC application 
increased curcumin bioaccessibility by increasing its transportation rate 
across cellular models while reducing cellular metabolism (Luo et al., 
2022). 

The results obtained with the application of EM and EXC are 
dependent of their composition, production methodology and resultant 
characteristics (Shah et al., 2015). Various studies demonstrate the in
fluence of lipid composition (Zou et al., 2016), emulsifier (Zou et al., 
2015) and processing type (McClements, 2021) on the structure and 
functionality of emulsions. Also, despite the several studies of encap
sulation of lipophilic vitamins to improve their bioavailability, there is 
little understanding of how EXC contribute to the stability and 

absorption of said compounds. In this sense, the aim of this work was to 
optimize the production of EM and EXC, using the same ingredients and 
applying different high-energy processing techniques. The optimized 
structures were then studied and compared for their stability and 
functionality as delivery systems for vitamin E. This work contributes to 
understand the impact of bioactive compounds encapsulation in the 
production of emulsions and how these delivery strategies (i.e., encap
sulated or co-ingested) would modulate the bioactive compounds 
release and absorption efficacy. 

2. Materials and methodology 

2.1. Emulsions and excipient emulsions production 

EM and EXC were produced with LIPOID S 75 lecithin (composed by 
fat-free soybean phospholipids with 70 % phosphatidylcholine, kindly 
provided by Lipoid GmbH, Germany), corn oil (Puro Milho, Fula) pur
chased in a local market (Braga, Portugal) and distilled water. To pro
duce the EM, α-tocopherol (Sigma-Aldrich T3251, St. Louis, MO, USA) 
was solubilized in the lipid phase to achieve a final concentration of 
0.75 mg/mL (i.e., 15 mg per 20 mL formulation). This step was disregard 
for EXC production. Lecithin was solubilized in distilled water at 80 ◦C 
for 1 h to obtain the aqueous phase. The emulsions were obtained by 
combining the two phases and processing the mixture via two different 
mechanical methods at room temperature: a) using an Ultra-Turrax (UT) 
homogenizer (T18, Ika-Werke, Staufen, Germany) at 15,000 rpm; b) pre- 
mixed in the UT for 2 min at 8,200 rpm, and subsequently processed in a 
high-pressure homogenizer (HPH) (EmulsiFlex-C3, AVESTIN, Canada) 
at 50 psi (3.5 bar) of air pressure. The concentration of lecithin, oil:water 
ratio and processing time/cycles were optimized with experimental 
designs detailed in section 2.2. 

After their production, EM and EXC were kept in the dark at 4 ◦C 
until further analysis and application. 

2.2. Optimization of emulsion and excipient emulsion production 

A Central Composite Design (CCD) was used to optimize the pro
duction of EM and EXC. The CCD was composed by a factorial 2k with 
three independent variables plus a central point with three replicates, 
for a total of 11 experiments per design. The independent variables 
selected were: i) surfactant concentration (X1); ii) oi:water (v/v) ratio 
(X2); and iii) processing time on either HPH or UT (X3 HPH and X3 UT, 
respectively). The range for the different levels (− 1, 0, 1) was estab
lished based on previous works (data not shown) as follows: X1 (1.0, 2.0, 
3.0 % within the aqueous phase); X2 (1:19, 1:9, 3:17 (v/v)); and X3 HPH 
(10, 15, 20 HPH cycles) or X3 UT (5, 10, 15 min). The particle size (Z-Ave) 
and polydispersity index (PDI) were the two dependent variables eval
uated (to be minimized). Four CCDs were performed to optimize EM and 
EXC production using the HPH or the UT. For each CCD, three additional 
confirmation experiments were conducted to validate the statistical 
model. 

2.3. Particle size and polydispersity index 

Z-Ave and PDI of the EM and EXC produced were measured by dy
namic light scattering, DLS (Zetasizer Nano SZ, Malvern, Worcester
shire, UK). Measurements were performed after their production, after 
30 and 60 days. All samples were diluted 1:10 with distilled water. Each 
individual measurement was determined from the average of three 
readings. 

2.4. In vitro gastrointestinal digestion 

Optimized EM and EXC functionality as delivery system for 
α-tocopherol was evaluated using the harmonized INFOGEST static in 
vitro gastrointestinal digestion protocol. In vitro digestion was performed 
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to evaluate emulsions influence on α-tocopherol stability, bio
accessibility and estimated bioavailability throughout the gastrointes
tinal tract (Brodkorb et al., 2019). EM were submitted to the digestion 
protocol as produced, whereas EXC were mixed with α-tocopherol prior 
to digestion to attain an equal α-tocopherol concentration. EM and EXC 
were produced in the preceding day and stored in the dark at 4 ◦C until 
the experiment. Control samples void of surfactant and without HPH/UT 
processing were also evaluated. 

During the digestion protocol, EM and EXC were exposed to elec
trolytic and enzymatic conditions that mimic digestive parameters from 
the mouth, stomach and small intestinal. Briefly, to perform the oral 
phase, simulated salivary fluid (SSF, constituted by KCl 15.1 mmol/L, 
KH2PO4 3.7 mmol/L, NaHCO3 13.6 mmol/L, MgCl2.(H2O)6 0.15 mmol/ 
L, (NH4)2.CO3 0.06 mmol/L and HCl 1.1 mmol/L), CaCl2.(H2O)2 0.3 
mol/L (to achieve 0.75 mmol/L at the final mixture) and distilled water 
to attain a sample:SSF ratio of 1:1 (v/v) were added. Samples were 
incubated in a horizontal water shaking bath at 120 rpm at and 37 ◦C (B. 
BRAUN BIOTECH model CERTOMAT WR, Melsungen, Germany) for 2 
min to complete the oral phase. 

For the gastric phase, simulated gastric fluid (SGF, constituted by KCl 
6.9 mmol/L, KH2PO4 0.9 mmol/L, NaHCO3 25 mmol/L, NaCl 47.2 
mmol/L, MgCl2.(H2O)6 0.12 mmol/L, (NH4)2.CO3 0.5 mmol/L and HCl 
15.6 mmol/L), 0.15 mmol/L CaCl2.(H2O)2, porcine pepsin (Sigma- 
Aldrich P7012, to achieve a final concentration 2000 U/mL), HCl 1 mol/ 
L (to adjust to pH 3.0) and distilled water to attain a bolus:SGF mixture 
ratio of 1:1 (v/v) were added. Samples were incubated in a horizontal 
water shaking bath at 120 rpm and 37 ◦C during 120 min. 

The intestinal phase simulation consisted in the addition of simu
lated intestinal fluid (SIF, constituted by KCl 6.8 mmol/L, KH2PO4 0.8 
mmol/L, NaHCO3 85 mmol/L, NaCl 38.4 mmol/L, MgCl2.(H2O)6 0.33 
mmol/L and HCl 8.4 mmol/L), 0.015 mmol/L CaCl2.(H2O)2, bile extract 
porcine (Sigma-Aldrich B8631, to achieve a final concentration 10 
mmol/L), pancreatin from porcine pancreas (Sigma-Aldrich P7545, to 
achieve a final concentration 100 (TAME) U/mL)), NaOH 1 mol/L (to 
adjust to pH 7.0) and distilled water to attain a chyme:SIF mixture ratio 
of 1:1 (v/v). Samples were incubated in a horizontal water shaking bath 
at 120 rpm and 37 ◦C during 120 min. 

Samples were collected at the end of each digestive phase to evaluate 
the morphological changes throughout in vitro digestion. Collected 
samples were placed in ice to decrease enzymatic activity until analysis. 
To the samples obtained at the end of intestinal phase (onwards 
described as digesta) Pefabloc® SC (Sigma-Aldrich) 1 mmol/L (10 µL per 
1 mL of sample) was added to the samples obtained at the end of in
testinal phase (onwards described as digesta) to stop the digestion re
actions. Digesta samples were used to assess digestion stability and 
bioaccessibility of α-tocopherol. In vitro digestion experiments were 
performed in triplicate. 

2.5. Emulsions morphological characterization during in vitro digestion 

EM and EXC size and stability throughout the in vitro digestion were 
studied using dynamic light scattering (i.e., Z-Ave, PDI and ζ-Potential) 
as described in topic 2.3. 

In addition to this analysis, fluorescence microscopy (BX51, Olympus 
Europe, Hamburg, Germany) was used to understand morphological 
changes on EM and EXC during the in vitro digestion. Briefly, 100 µL of 
sample was stained with 10 µL of Nile Red solution (0.1 % (w/v) dis
solved in methanol). Samples were visualized with a wavelength filter (i. 
e., λex = 488 nm; λem = 500 to 525 nm) and 100x magnification. Ac
quired images format type was set to 8-bit (to convert colours into 
greyscale) and their brightness was adjusted using ImageJ 1.53 t 
software. 

2.6. α-tocopherol quantification and determination of bioaccessibility, 
stability and bioavailability 

α-tocopherol released during in vitro digestion was quantified by 
UHPLC-DAD Nexera X2, Shimadzu, Japan) according to the protocol 
described by Ribeiro et al. (2022). Digesta samples were centrifuged at 
18,000 g for 30 min at 4 ◦C (Multifuge X3R, Heraeus, Germany) to 
precipitate unsolvable matter and obtain the micellar phase. α-tocoph
erol was extracted from 3 mL of digesta or micellar samples, by mixing 
with 3 mL of hexane:ethanol (1:1, v/v), followed by centrifugation at 
1,540 g for 2 min (EBA 20, Hettich, Germany) to collect the supernatant 
(i.e., hexane phase). The extraction procedure was repeated 3 times and 
hexane phases combined and dried under nitrogen. Samples were then 
resuspended in 1.5 mL of methanol and filtered through 0.22 μm PES 
syringe filter before UHPLC analysis. A Kinetex® core–shell 1.7 µm C18 
column (Phenomenex, California, USA) was used. The parameters used 
in UHPLC were a isocratic elution mode at 0.4 mL/min of methanol: 
water mobile phase (95:5, v/v), column temperature at 50 ◦C and 10 µL 
injection volume. DAD detection wavelength was set to 295 nm. 

After UHPLC α-tocopherol quantification, the bioaccessibility, 
digestion stability and estimated bioavailability were calculated. 
α-tocopherol bioaccessibility estimates the percentage of the bioactive 
compound that was released and formed mixed micelles, allowing it to 
be absorbed into the blood stream. Bioaccessibility was calculated as the 
percentage of α-tocopherol concentration in mixed micelles (αtocmicelle) 
in regard to α-tocopherol concentration in the digesta (αtocdigesta), ac
cording to Equation (1). 

Bioaccessibility = (αtocmicelle/αtocdigesta) × 100 (1) 

Stability was calculated as the percentage of α-tocopherol concen
tration in the digesta that remained untransformed regarding the initial 
α-tocopherol concentration ([αtoc] = 0.75 mg/mL), according to 
Equation (2). 

Stability = (αtocdigesta/αtoc) × 100 (2) 

Bioavailability estimates the α-tocopherol absorption, by considering 
the product between the stable and the bioaccessible bioactive com
pound, according to Equation (3). 

Bioavailability = (Bioaccessibility × Stability) × 100 (3)  

2.7. Statistical analyses 

Experimental designs’ data, namely, variables and methodology 
outline, statistical analysis and charts were obtained using Protimiza 
Experimental Design web-based software. Independent variables sta
tistical significance was determined by ANOVA (p < 0.05). Statistically 
significant independent variables were considered for parametrization 
of regression models and respective charts. 

The remaining data obtained in this work was analysed using Prism 
version 8.0.2 (GraphPad Software Inc., California USA). The statistical 
significance was determined by two-way ANOVA followed by post-hoc 
Tukey’s honestly significant difference (HSD) test. Statistically signifi
cant differences were considered when p value < 0.05. Results are pre
sented as mean values of experiments performed in triplicate ± standard 
deviation (SD). 

3. Results and discussion 

3.1. Emulsions and excipient emulsions formulation optimization 

The formulation of EM and EXC was optimized by performing 
different CCDs. The preferable ratio of lipid and aqueous phase, sur
factant concentration and type or duration of processing were evaluated 
by granulometric analysis of the produced particles up to 60 days. All 
experimental data can be found in Appendix A. Generally, all CCDs for 
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either the production of EM or EXC using UT or HPH obtained similar 
results for the different formulations experiments. The smallest particles 
produced at each CCD presented average size of 253.5, 242.5, 260.5 and 
241 nm for EM-HPH, EM-UT, EXC-HPH and EXC-UT, respectively. The 
regression coefficients for the different responses (i.e., Z-Ave (Y1), PDI 
(Y2), Z-Ave 30 (Y3), PDI (Y4), Z-Ave 60 (Y5) and PDI 60 (Y6)) were 
calculated and considered for reparameterization of regression models if 
they were statistically significant (p < 0.05 or 0.1 if there were not 
statistically significant variables at p < 0.05). 

The obtained mathematical models for the various responses of all 
CCDs are presented on Table 1. As observed, the models differ sub
stantially between the different CCDs conducted. Such outcome can be 
due to the variability inherit of such experiments and due to experi
mental errors (e.g., performed on different days, calibration errors, 
sample preparation errors, etc.). The variability found when comparing 

the models obtained for the same response at different time points can 
also be attributed to such errors (e.g., Z-Ave, Z-Ave 30 and Z-Ave 60 of 
EXC-HPH). Despite such variability, the independent variables that were 
more often statistically significant were the oil:water ratio (X2) and 
processing (X3), indicating that these parameters had higher influence 
on EM and EXC production. As expected, models fitted with more var
iables presented better correlation coefficients compared to those fitted 
with only one variable (e.g., PDI, PDI 30 and PDI 60 of EM-UT). Low 
correlation coefficients found may be related to the low variability be
tween assays and, in the case of PDI responses, because the values are 
depicted in decimal scale. 

It can be concluded that the encapsulation of α-tocopherol did not 
cause a great influence on the produced EM and EXC, since their char
acteristics were similar. Conversely, EM and EXC composition and 
processing had a significant impact on the size and homogeneity of the 
produced samples, as observed in the mathematical modelling. These 
results can be linked to a basic principle of thermodynamics applied to 
emulsions formation: the surface free energy of the emulsion is corre
lated with the interfacial tension and total interfacial area (McClements, 
2021). Therefore, changing the surfactant concentration, oil:water ratio 
and processing duration and type will have direct impact on the above- 
mentioned parameters by inducing different interactions between 
droplets, their flow conditions and surface elasticity (Schroën et al., 
2020). 

In Fig. 1 some examples of response surfaces for the Z-Ave and PDI 
(PDI 60 on the case of EXC-UT, because PDI results did not correlate 
statistically significant variables at p < 0.1) for the different CCDs are 
presented. The remaining obtained charts can be found on Appendix B. 
Fig. 1 shows that smaller particles were obtained when using higher 
concentrations of lecithin (X1 = 1) and a lower oil:water ratio (X2 = -1) 
(i.e., 3 % of lecithin on the aqueous phase and 5 % of oil) regardless of 
the emulsion type and processing methodology. Particles with better 
homogeneity were also obtained using similar conditions (data found on 
Appendix B). This outcome is in agreement with the literature, as 
increasing the surfactant-to-oil ratio and decreasing the oil-to-water 
ratio promotes formation of smaller particles (Zhang et al., 2020). 

Longer processing times originated particles with better dispersity in 
either methodology (i.e., nanoparticles presented PDI < 0.23 and PDI <
0.29, when processed in HPH and UT, respectively), which was expected 
since the particles were submitted to disruptive forces for longer periods 
(Mendes et al., 2020). Also, homogeneity of samples was higher when 
processed in HPH compared to the samples processed in UT, possibly 
due to the higher relative energy efficiency of the HPH (Schroën et al., 
2020). 

Concerning particles’ stability, particles produced with higher con
centrations of lecithin, lower oil:water ratio and longer processing times 
remained stable up to 60 days with modest Z-Ave and PDI variations (i. 
e., EM Z-Ave changed < 6 % and PDI changed < 17 %, whereas EXC Z- 
Ave changed < 10 % and PDI changed < 13 %). 

To validate the obtained models and the preferable emulsion 
formulation, three additional experiments were conducted applying the 
discussed conditions (i.e., X1 = 1; X2 = -1; X3 = 1). Table 2 presents the 
theoretical values (determined using the mathematical models from 
Table 1) and experimental values (average value and standard deviation 
obtained from the experiments) for each formulation. Once again, par
ticles with identical droplet dimensions (ca. 230 nm) were obtained for 
all formulations. Moreover, these results prove that the selected condi
tions were optimal to attain smaller particles, as particles exhibited the 
smallest size throughout all experiments. Validation experiments also 
confirmed that HPH provided more homogeneous samples (lower PDI). 
It can be also observed that some of the obtained models presented high 
percentage errors (i.e., EM-HPH Z-Ave (Y1), EM-UT Z-Ave (Y1) and EXC- 
HPH PDI (Y2)), which could be attributed to low correlation of such 
models and to higher standard deviation obtained on the validation 
experiments. 

Overall, encapsulation of the bioactive compound did not cause great 

Table 1 
Mathematical models obtained for the Z-Ave and PDI on the production day, 
after 30 and 60 days for Central Composite Designs of emulsions (EM) and 
excipient emulsions (EXC) processed in high pressure homogenizer (HPH) and 
Ultraturrax (UT).  

Models obtained for EM-HPH 

Z-Ave Y1 = 291.34 + 29.11x2 R2 = 62.97 
% 

Z-Ave 
30 

Y3 = 293.70 + 35.72x2 R2 = 77.61 
% 

Z-Ave 
60 

Y5 = 279.26 + 38.13x2 R2 = 64.41 
% 

PDI Y2 = 0.21 − 0.02x3 R2 = 41.33 
% 

PDI 30 Y4 = 0.21 + 0.01x2 − 0.01x3 − 0.01x1x2 + 0.01x2x3 R2 = 85.19 
% 

PDI 60 Y6 = 0.23 − 0.03x3 R2 = 43.77 
%  

Models obtained for EM-UT 
Z-Ave Y1 = 282.18 + 28.90x3 + 17.17x1x2 R2 = 80.43 

% 
Z-Ave 

30 
Y3 = 276.34 − 24.43x3 + 16.27x1x2 R2 = 89.06 

% 
Z-Ave 

60 
Y5 = 264.55 + 24.04x3 R2 = 50.40 

% 
PDI Y2 = 0.43 − 0.05 x1 + 0.04 x2 − 0.03x3 R2 = 83.77 

% 
PDI 30 Y4 = 0.42 − 0.02x1 + 0.03x2 − 0.03x3 +

0.03x1x2 − 0.01x1x3 

R2 = 98.54 
% 

PDI 60 Y6 = 0.41 − 0.03x1 − 0.03x3 R2 = 66.32 
%  

Models obtained for EXC-HPH 
Z-Ave Y1 = 336.66 − 35.37x1 + 60x2 R2 = 59.70 

% 
Z-Ave 

30 
Y3 = 311.02 − 47.15 x1x2 R2 = 31.39 

% 
Z-Ave 

60 
Y5 = 342.63 − 58.75 x1 + 44.30 x2 − 52.47 x1x2 R2 = 83.30 

% 
PDI Y2 = 0.28 + 0.05 x2 − 0.05 x3 − 0.03 x2x3 R2 = 87.70 

% 
PDI 60 Y6 = 0.31 − 0.06x1 − 0.05x3 − 0.05x1x2 R2 = 82.77 

%  

Models obtained for EXC-UT 
Z-Ave Y1 = 299.99 + 28.25x2 − 25.37x3 + 20.10x1x2 R2 = 94.24 

% 
Z-Ave 

30 
Y3 = 306.38 − 41.14x3 + 26.19x1x2 R2 = 83.82 

% 
Z-Ave 

60 
Y5 = 256.03 + 13.96x2 − 19.64x3 + 14.49x1x2 R2 = 80.58 

% 
PDI 30 Y4 = 0.21 − 0.06x3 R2 = 39.29 

% 
PDI 60 Y6 = 0.39 + 0.04x2 − 0.03x3 R2 = 71.20 

%  
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impact in emulsion formation. Conversely, the formulation recipe, 
duration and efficiency of processing did. Finally, it was validated that 
by increasing the surfactant concentration, reducing oil:water ratio and 
increasing processing duration and efficiency, smaller and more ho
mogenous particles are obtained. 

3.2. Emulsions and excipient emulsions behaviour during in vitro 
gastrointestinal digestion 

In this study, the development of EM and EXC targeted its application 
as delivery systems, aiming at enhancing the functionality of 
α-tocopherol. To understand how these particles could contribute to the 

preservation and targeted release of α-tocopherol during digestion on 
the human gastrointestinal tract, the optimized formulations were sub
mitted to INFOGEST in vitro static digestion protocol (Brodkorb et al., 
2019). In vitro digestion protocols have been proposed as an efficient and 
simple methodology to simulate the parameters of the gastrointestinal 
tract, by mimicking conditions found in the mouth, stomach and small 
intestine. Prior the digestion, EXC formulations were mixed with 
α-tocopherol to achieve equal α-tocopherol concentration of EM for
mulations. Fig. 2 shows the results obtained for the particle size, poly
dispersity index and ζ-potential of the initial samples, as well as 
throughout the different digestion stages, for EM and EXC processed by 
either HPH and UT. 

As above-mentioned, initial samples presented similar Z-Ave (ca. 
230 nm) and ζ-potential (ca. − 60 mV) without statistically significant 
differences. Homogeneity of samples was higher when processed in HPH 
and presented statistically significant differences compared to samples 
processed in UT (PDI 0.184 ± 0.015, 0.311 ± 0.044, 0.214 ± 0.049 and 
0.254 ± 0.073, for EM-HPH, EM-UT, EXC-HPH and EXC-UT, respec
tively). Fluorescence microscopy images (Fig. 3) indicate that the initial 
samples presented uniformly distributed particles, without the presence 
of aggregates. The characteristics of the obtained particles were in 
agreement with results described by others authors when producing O/ 
W nanoemulsions using lecithin as surfactant (Nash & Erk, 2017). These 
properties are due to lecithin characteristics, a zwitterionic surfactant 

Fig. 1. Response surfaces of Z-Ave and PDI (PDI 60 on the case of EXC-UT) obtained for the Central Composite Designs of emulsions (EM) and excipient emulsions 
(EXC) processed in high pressure homogenizer (HPH) and Ultraturrax (UT). 

Table 2 
Theorical values and experimental values obtained for the validation of Central 
Composite Designs mathematical models of Z-Ave and PDI.   

Theoretical Obtained % Error 

EM-HPH Z-Ave (nm)  262.23 233.06 ± 14.08  11.13 
PDI  0.19 0.18 ± 0.02  3.16 

EM-UT Z-Ave (nm)  293.91 237.28 ± 4.48  19.27 
PDI  0.31 0.31 ± 0.04  − 0.32 

EXC-HPH Z-Ave (nm)  241.29 225.22 ± 4.93  6.66 
PDI  0.26 0.21 ± 0.05  17.69 

EXC-UT Z-Ave (nm)  226.27 233.81 ± 5.43  − 3.33  

Fig. 2. Behaviour of emulsions and excipient emulsions during different stages of the simulated in vitro digestion, assessed by particle size (a), polydispersity index 
(b) and ζ-potential (c). Different capital letters represent statistically significant differences (p < 0.05) between the same sample in different digestion phases, 
whereas lowercase letters represent statistically significant differences (p < 0.05) between samples on the same digestion phase. 
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that self-assembles by means of hydrogen bonds at the oil–water inter
face, originating larger particles with lower ζ-potential values and 
generally higher stability compared to emulsions produced with other 
surfactants (Fuentes et al., 2021). 

After the oral phase, particles from all samples presented a size 
decrease (Fig. 2a) and an ζ-potential increase (Fig. 2c) with statistically 
significant differences. Concerning PDI, only EM-HPH had statistically 
significant differences (Fig. 2b). Particle distribution remained unim
odal (data not shown) however, larger particles were observed through 
fluorescence microscopy, suggesting the occurrence of coalescence to 
some extent (Fig. 3). Although some studies demonstrated that nano
emulsions remain stable at the oral phase (Gonçalves et al., 2021; Lv 
et al., 2019), the type of interactions established by lecithin (through 
sell-assembly) may contribute to higher probability of coalescence. The 
increase of ζ-potential on the oral phase has been suggested as electro
static screening effects, caused by the interaction of lecithin with ionic 
molecules present in SSF, which may be adsorbed to the droplet inter
face (Gonçalves et al., 2021; Zhang et al., 2015). 

EM and EXC were significantly destabilized after the gastric phase 
with increase in particles’ size, PDI and ζ-potential (Fig. 2). Samples 
presented a bimodal distribution (data not shown), as well as coales
cence and flocculation effects (Fig. 3). This outcome could be associated 
to the harsher enzymatic and environmental conditions specific to the 
gastric phase, characterized by acidic pH medium with high ionic 

strength. It has been described that these conditions induce aggregation 
on emulsion droplets by different mechanisms: i) reduced electrostatic 
repulsion; ii) electrostatic screening of available salts/ionic molecules to 
the droplets interface; iii) pepsin induced exposure of lecithin hydro
phobic domain, among others (Lv et al., 2019; Yang et al., 2021). 
Consequently, these conditions could also be responsible for the increase 
in ζ-potential at this phase, triggering the adsorption of positive charged 
molecules (Gonçalves et al., 2021). Also, this increase in ζ-potential 
could be linked to the pKa of lecithin (ca. 1.5), because as the acidity of 
environment increases, more lecithin molecules will transition into a 
non-ionic state (Surh et al., 2008). 

Comparing emulsion type, EXC presented statistically significant 
differences regarding particle size and PDI when compared to EM 
(Fig. 2a and 2b). This result could imply that the void core of excipient 
particles made them more susceptible to the gastric digestion. Moreover, 
it could be hinted that the incorporation of bioactive compound onto 
emulsions may present a symbiotic effect, contributing to the stability of 
the emulsion during digestion while being protected against the harsh 
digestive conditions. 

After the intestinal phase, samples presented the smallest dimensions 
with similar sizes across samples (Fig. 2a). That said, these results should 
also report other structures formed with digesta products, since the 
formation of various colloidal structures is expected at this stage. At the 
end of digestion, a mixture with components from lipid digestion (e.g., 

Fig. 3. Fluorescence microscopy of emulsions and excipient emulsions stained with Nile Red during different in vitro digestion stages. Scale corresponds to 10 µm. 
Images were obtained with 100x magnification and were processed using ImageJ software. 
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free fatty acids, mono-, di- and triacylglycerides), surfactant digestion 
(e.g., phospholipids), biliary salts, enzymes, peptides and others, that 
can interact to form vesicles, emulsions, micelles, among others is ob
tained (Lv et al., 2019; Zhang et al., 2015). On the other hand, since 
there was a significant degradation of the particles, several aggregates 
were formed. These aggregates were observed in fluorescence micro
scopy (Fig. 3) and were also identified by the higher PDI values obtained 
(Fig. 2b). The reduction of ζ-potential could also be linked to the 
adsorption of anionic components present in the intestinal juices (e.g., 
bile salts) or the presence of free fatty acids (anionic), which are surface 
active products of lipolysis (Pinheiro et al., 2013). 

Generally, particle destabilization throughout the digestive protocol 
was in agreement with reported emulsion/nanoemulsion digestion. The 
gastric phase had the highest impact on the degradation of particles, 
being more pronounced in EXC samples. The encapsulation of bioactive 
compounds may contribute to the preservation and resistance of EM to 
gastric degradation. 

3.3. α-Tocopherol bioaccessibility, digestion stability and bioavailability 
comparison on emulsions vs excipient emulsions 

To evaluate if the EM and EXC are effective for the delivery of 
α-tocopherol, their digestion stability, bioaccessibility and estimated 
bioavailability were determined after in vitro digestion. As described in 
Eqs. (1) to (3), these parameters estimate the digestive outcome of the 
compounds of interest, taking advantage of in vitro methodologies. 
Nonetheless, these cannot represent with certainty an outcome caused 
by the different physiological phenomena occurring during the digestive 
process. Fig. 4 presents results for the digestion stability (a), bio
accessibility (b) and estimated bioavailability (c) of α-tocopherol when 
digested with EM and EXC. A control digestion was performed using the 
same α-tocopherol concentration and oil:water ratio as EM and EXC 
formulations without surfactant or high energy processing. 

The stability of α-tocopherol was higher in the control sample, fol
lowed by the EM and finally EXC (Fig. 4a). In control samples, 
α-tocopherol was dispersed in a free form without the presence of leci
thin. As such, during the digestion experiment its ability to establish 
interactions with other components and form mixed micelles was lower 
compared to when it was digested in the presence of an emulsion. These 
phenomena may be responsible for the higher concentration found in 
the digesta of control samples. However, layering effects were observed 
on control samples at the final stages of the digestion protocol. This 
effect could have contributed to the greater variability between exper
iments, and may also have led to a separation α-tocopherol from the 
aqueous phase protecting it from enzymatic degradation. 

Interestingly, bioaccessibility of control samples was 23.55 ± 9.83 % 
(Fig. 4b), whereas in all emulsion formulations the bioaccessibility was 
higher than 80 % (i.e., 92.05 ± 4.43, 82.99 ± 1.62, 90.43 ± 1.33 and 
86.97 ± 1.31 % for EM-HPH, EM-UT, EXC-HPH and EXC-UT, 

respectively), representing a 3.5 to 3.9-fold increase. This significant 
increase in α-tocopherol bioaccessibility could be linked to several fac
tors that impact α-tocopherol digestive fate. Firstly, the bioactive com
pound must be released either from the emulsion (in the case of this 
study) or from the food structures in which it was stored, followed by its 
incorporation into mixed micelles and consequent absorption via 
enterocyte cells (Nagao et al., 2013; Reboul, 2017). There are reports 
that foods with higher oil content may improve bioaccessibility of hy
drophobic compounds by triggering an increase in phosphatidylcholine 
secretion and biliary salts, thus increasing micellization of these com
pounds (Yang et al., 2015; Yang & McClements, 2013). Since the oil 
proportion on the formulations was the same, the presence of lecithin 
(composed by ca. 70 % of phosphatidylcholine) should be the main 
responsible for the higher α-tocopherol bioaccessibility found in EM and 
EXC compared to the control samples. Literature suggests that the 
interaction of biliary salts with emulsifiers and dietary fibres have a 
direct effect on degradation, transport and absorption of nutrients, by 
contributing to colloidal structures assembly, affecting lipase adsorp
tion, lipid solubilization and passage of lipids through the mucosal layer 
(Macierzanka et al., 2019). The interaction between the available leci
thin and supplied biliary salts could have contributed to the rear
rangement of the particles to form mixed micelles in higher proportions, 
granting higher solubilization to α-tocopherol thus higher estimated 
bioaccessibility. These findings are corroborated by other authors, that 
found that O/W nanoemulsions prepared with lecithin granted 
enhanced lipid digestion and bioaccessibility of encapsulated β-carotene 
compared to emulsions prepared with other emulsifiers (i.e., Tween® 
20, sodium caseinate, sucrose palmitate) (Gasa-Falcon et al., 2019). 
Similarly, other authors found that lecithin-stabilized oil-in-water 
emulsions granted curcumin a 1700-fold water solubility increase and 
ca. 11-fold bioaccessibility increase (Yang et al., 2021). 

Bioavailability was determined as the product between stable 
α-tocopherol in the digesta that was bioaccessible (Equation (3), and 
estimates how much of the initial compound of interest would be 
available at the site of action. It must be noted that relevant physio
logical phenomena, such as absorption and metabolism were not 
considered for this calculation (Zou et al., 2016). As observed in Fig. 4c, 
bioavailability was significantly higher in EM samples compared to the 
control samples, followed by EXC samples (i.e., 2.79 to 3.15-fold and 
1.61 to 1.70-fold increase for EM and EXC, respectively). This result 
suggests that the encapsulation of bioactive compounds could extend 
their functionality, by protecting them against physicochemical alter
ations during gastrointestinal transit and by improving their absorption 
mechanisms. That said, the EXC tested also greatly extended α-tocoph
erol bioavailability, albeit following different action mechanisms 
compared to those of EM. The purpose of EM formulations was to pre
serve their structure until the intestinal phase, where α-tocopherol could 
be released and incorporated into micelles. Conversely, EXC needed to 
be destabilized in order to interact with free α-tocopherol molecules 

Fig. 4. α-tocopherol digestion stability (a), bioaccessibility (b) estimated bioavailability (c) when digested with different emulsions. Different letters represent 
statistically significant differences (p < 0.05) between samples. 
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throughout the digestion (as described in topic 3.2). As such, free 
α-tocopherol was exposed to digestive conditions for longer periods, 
which explains the lower bioavailability of EXC samples. Similar per
formance of excipient emulsions was reported when applying them to 
tomato sauce, where authors have reported that these contributed to a 
2.65, 1.58 and 1.52-fold increase in the bioaccessibility of lycopene, 
lutein and β-carotene present in tomato sauce (Nemli et al., 2023). 

Summarizing, lecithin-stabilized emulsions (both EM and EXC) 
increased the bioaccessibility and bioavailability of α-tocopherol. EM 
action mechanism may be responsible for higher protection of 
α-tocopherol and consequently higher bioaccessibility compared to EXC. 

4. Conclusions 

The optimization of emulsions’ and excipient emulsions’ formula
tions demonstrated that the composition and processing methodology 
applied significantly modified the developed structure and its charac
teristics, while incorporation of α-tocopherol did not. Also, modulating 
emulsion composition to reduce interfacial tension by increasing 
emulsifier and reducing the oil–water ratio, greatly reduced the ob
tained particle size and polydispersity index. 

Comparing emulsions’ and excipient emulsions’ behaviour as 
α-tocopherol delivery systems using INFOGEST in vitro digestion pro
tocol showed that emulsions had higher resistance to the gastric envi
ronment compared to excipient emulsions. These findings may be linked 
to the action mechanism of these structures: whereas emulsions with 
encapsulated compounds are designed to maintain their structure until 
the targeted release site, excipient emulsions must first be destabilized to 
interact with said compounds. 

Even if biotransformation and degradation of α-tocopherol was 
relatively low during the in vitro digestion, all developed emulsions 
increased α-tocopherol bioaccessibility between 3.5 and 3.9-fold and its 
bioavailability between 1.6 and 3.2-fold. Despite their direct compari
son in this study, application of emulsions and excipient emulsions 
should be case-dependent. 

The results obtained indicate that emulsions greatly contribute to 
improve the functionality of hydrophobic bioactive compounds and that 
novel excipient emulsions present a viable and simpler methodology for 
improving the absorption of nutraceuticals available in foods. 
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