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Abstract

Thyme oil (TO) is emerging as a promising candidate to counteract antimicrobial resistance
due to its renowned antimicrobial and anti-inflammatory properties. However, rapid
gastric absorption of its bioactive compounds limits its intestinal delivery, where its action
is required, so the protection of these components is necessary. This pilot study optimized
TO-loaded emulsions for targeted intestinal release. High-shear homogenization and mem-
brane emulsification were compared to formulate single oil in water (O/W) and double
water in oil in water (W/O/W) emulsions, screening emulsifiers (lecithin, Tween 20, Tween
80) and functional biopolymers (pectin, sodium alginate). High-shear homogenization
with lecithin (0.5%), pectin (1.80%), and sodium alginate (0.2%) yielded stable submicron
O/W emulsion (Span = 0.5; d(v,0.5) = 0.21 µm), achieving electrostatic stabilization
(ζ-potential = −51.5 ± 1.5 mV) at a target poultry dosage. A pH-responsive behavior
was observed: protective hydrogel formed in gastric conditions (d(v,0.5) = 2.64 µm) and
maintained stability at intestinal pH (d(v,0.5) = 3.03 µm). Membrane emulsification enabled
precise droplet control under mild conditions, producing monodisperse O/W emulsions
(d(v,0.5) = 38–59 µm; Span ≤ 1.0) and W/O/W double emulsions (d(v,0.5) = 26.5 µm;
Span = 0.6) with ultra-low interfacial tension (0.52 mN·m−1). Repeated membrane passes
reduced droplet size to ~6.6 µm. These systems represent a foundational step toward
bioactive intestinal delivery, providing a viable antibiotic-free strategy for sustainable
livestock production.

Keywords: antimicrobial resistance; thyme oil; emulsions; high-shear homogenization;
membrane emulsification; targeted delivery

1. Introduction
In recent years, antimicrobial resistance has emerged as a global challenge, posing

serious risks to human and animal health [1]. Consequently, there is a growing interest in
prioritizing the development of natural, sustainable alternatives to conventional antibiotics.
Among natural candidates, thyme oil (TO) has emerged as a promising antimicrobial
and antioxidant agent, primarily due to its major phenolic constituents, thymol and, its
constitutional isomer, carvacrol [2]. The antimicrobial activity of thymol and carvacrol has
been extensively documented in literature [3–7]. These phenolic compounds exert potent
antibacterial effects primarily through the disruption and depolarization of the bacterial
cell membrane, leading to the leakage of intracellular components and cell death. Their
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activity has been demonstrated against both Gram-positive and Gram-negative bacteria,
with evidence of intracellular effects [4]. For example, Giovagnoni et al., 2019, reported
significant inhibitory activity of thymol and carvacrol against Clostridium perfringens and
Enterococcus cecorum [8]. Later, the inhibition of Salmonella typhimurim was observed in
an infection model on Caco-2 cells [9]. Moreover, in vitro studies have demonstrated that
thymol and carvacrol effectively reduce the invasion and development of the protozoan
parasite Eimeria tenella [10]. Beyond their direct antimicrobial properties, thymol and
carvacrol have shown promising effects on animal cells [9,11]. Studies conducted on
Caco-2 and HepG2 revealed that these compounds preserve epithelial barrier integrity and
reduce inflammatory response and oxidative stress in challenging conditions [9,12]. These
protective effects have also been confirmed in vivo. In fact, studies on weaning piglets
demonstrated that a microencapsulated botanical blend containing thymol and carvacrol
supported animals during inflammatory challenges by modulating liver inflammation and
preserving intestinal integrity [12,13].

Despite these beneficial properties, the practical use of TO in animal nutrition is
constrained by multiple physicochemical and biological limitations. Its strong odor and
taste can compromise feed palatability, while its active constituents are highly hydrophobic
and prone to thermal and oxidative degradation [14]. In addition, TO can exert irritant
effects on skin and mucous membranes, and direct exposure to the gastric environment
may cause premature absorption of its bioactive compounds and reduce the intestinal
delivery, limiting its overall gut microbiota efficacy [15]. To overcome these limitations,
emulsion-based delivery systems have gained increasing attention [16]. Oil-in-water (O/W)
emulsions enhance the aqueous dispersibility of lipophilic bioactives by encapsulating
them within surfactant-stabilized droplets, thereby improving both physical stability and
bioaccessibility [14,17]. When functional biopolymers such as pectin and sodium alginate
are incorporated (materials that form pH-responsive hydrogels under gastrointestinal
conditions), these systems enable targeted release in the intestine, facilitating site-specific
modulation of gut microbiota [18].

Nevertheless, systematic studies on TO emulsions specifically designed for oral ad-
ministration in livestock remain limited. In particular, there is a lack of comparative data on
how emulsification techniques and formulation components influence key physicochemical
attributes such as droplet size distribution and long-term physical stability, parameters criti-
cal for performance during storage, feed processing, and transit through the gastrointestinal
tract. Moreover, droplet size critically determines the site and rate of payload release along
the gut: sub-micron to ≈1 µm droplets undergo more rapid interfacial digestion, due to
their higher surface-to-volume ratio and enhanced interaction with bile salts and lipases,
tending to release cargo in the proximal intestine, whereas larger droplets (several µm) are
degraded more slowly and are therefore likely to persist during gastrointestinal transit,
delivering their payloads to distal intestinal regions [19]. High-shear homogenization
is widely applied for emulsion production due to its scalability, but it often generates
polydisperse droplet populations and can induce the thermal degradation of sensitive
compounds [20]. In contrast, membrane emulsification enables low-energy production
of uniform droplets, but is slower and more demanding in terms of the formulation and
optimization process [21,22]. Despite being two promising techniques, comparative evalua-
tions of these two approaches for TO emulsification in animal nutrition are still missing.
Additionally, the choice of emulsifier and the incorporation of natural polysaccharides can
significantly affect emulsion stability, rheology, interfacial oil/water tension, and resistance
to coalescence, which represent critical factors in the development of optimized emulsions.

This system may be particularly relevant in livestock production, where animals are
frequently exposed to enteric pathogen challenges and gastrointestinal disorders [23]. In
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fact such emulsions, if adequately designed, may offer protection against gastric degrada-
tion and promote localized release in the small intestine and ceca, key sites for nutrient
absorption and microbial balance [18,24,25]. Given these knowledge gaps, this study aims
to be a pilot study to develop TO emulsions suitable for oral administration in livestock,
using only generally recognized as safe ingredients (GRAS). It is suggested by the hypothe-
sis that processing method, emulsifier type, and polysaccharide addition can be rationally
tuned to obtain TO emulsions with controlled droplet-size distributions and physical stabil-
ity. Specifically, this study investigated: (i) the effect of emulsification method (high-shear
vs. membrane emulsification) and emulsifier type (lecithin, Tween 20, Tween 80) on the
droplet-size distribution and stability of TO emulsions; (ii) the modification induced by the
incorporation of pectin and sodium alginate on physicochemical properties; and (iii) the
combinations of processing method and formulation components that yield TO emulsions
with the most robust long-term physical stability. For each formulation variation, interfacial
tension, density, and viscosity were measured, and the emulsion’s droplet size distributions
were measured for both techniques. Additionally, for the selected high-shear formulation,
six-month physicochemical stability under controlled storage was evaluated.

2. Materials and Methods
The oil phase in the oil in water (O/W) and water in oil in water (W/O/W) emulsions

consisted of thyme oil (TO) (Merck, Feltham, UK) with density (ρ) of 0.917 g cm−3, viscosity
(η) of 0.003 Pa s at 25 ◦C, and containing 58% thymol and 2.6% carvacrol. The density
of both the oil and continuous phase was measured using a Densitopro Portable Density
Meter (Mettler Toledo, Leicester, UK) and a manual pycnometer. The viscosity of the oil
and continuous phase was measured at 25 ◦C using a HAAKE Viscotester iQ rheometer
(Thermo Scientific, Altrincham, UK). Thymol and carvacrol were identified and quanti-
fied using a Jasco LC-4000 series HPLC system (JASCO Corporation, Tokyo, Japan), as
described in Section 2.1.7. The equilibrium interfacial tension at the oil/water interface was
measured by the rising drop method and analyzed with the Young–Laplace model using a
DSA100 tensiometer (KRÜSS, Hamburg, Germany). Emulsions were prepared with
5% (w/w) TO content, employing two distinct emulsification techniques, high-shear ho-
mogenization and membrane emulsification, for a comparative evaluation. The physical
properties of the individual surfactant solutions and the equilibrium interfacial tension
oil/water were measured and are listed in Table 1. Different TO emulsions are listed
in Table 2.

Table 1. Density and viscosity of surfactant and emulsifier solutions used in this work, and equilibrium
interfacial tension at oil/aqueous phase interface. (Solvent: Milli-Q water, temperature: 25 ◦C).

Group Emulsifier in
Aqueous Phase HLB * Concentrations

(% w/w)
Density
(g cm−3)

Viscosity
(Pa s)

Interfacial Tensions
O/W * (mN m)

Hydrophilic non-ionic
surfactants

Tween 20 ~16.7

0.5% 0.997 0.001 13.82
1.0% 0.999 0.002 13.62
1.5% 0.999 0.001 13.14
2.0% 0.999 0.001 12.72
3.0% 1.000 0.001 12.17
4.0% 1.002 0.001 11.74
5.0% 1.003 0.002 10.27
6.0% 1.003 0.002 11.80

Tween 80 ~15.0

0.5% 0.997 0.001 15.00
1.0% 0.998 0.001 14.21
1.5% 0.998 0.001 14.84
2.0% 0.999 0.001 14.12
3.0% 1.000 0.001 13.26
4.0% 1.001 0.001 12.42
5.0% 1.002 0.002 12.38
6.0% 1.002 0.002 12.75
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Table 1. Cont.

Group Emulsifier in
Aqueous Phase HLB * Concentrations

(% w/w)
Density
(g cm−3)

Viscosity
(Pa s)

Interfacial Tensions
O/W * (mN m)

Phospholipids Soy bean lecithin ~3–4

0.5% 1.075 0.002 32.64
1.0% 1.075 0.002 31.26
1.5% 1.075 0.002 29.78
2.0% 1.076 0.002 29.76

Polysaccharides

Sodium alginate
(medium
viscosity)

N/A

0.5% 1.076 0.035 31.06
1.0% 1.080 0.137 35.49
1.5% 1.083 0.339 38.73
2.0% 1.083 0.667 41.04

Pectin (LMA) * N/A

0.5% 1.076 0.033 32.33
1.0% 1.076 0.073 33.92
1.5% 1.078 0.073 32.50
2.0% 1.082 0.073 33.87

* HLB: Hydrophilic–Lipophilic Balance; O/W: Oil–Water; N/A: not applicable.

Table 2. Density and viscosity of surfactant and emulsifier solutions.

Emulsion Phase Emulsifiers Concentrations
(% w/w)

Density
(g·cm−3)

Viscosity
(Pa·s)

Interfacial
Tensions
(mN·m)

Single emulsion
(O/W) *

Aqueous
continuous phase Tween 20 2.0% 0.999 0.001 O/W: 12.72

Single emulsion
(O/W) *

Aqueous
continuous phase Tween 80 2.0% 0.999 0.001 O/W: 14.12

Double
emulsion

(W/O/W) *

Water
premix

Sodium
alginate-

Pectin (LMA)

0.2%
1.8% 1.004 0.124 O/W: 10.10

Oil
phase PgPr 5.0% 0.920 3.400 N/A

Inner
oily phase

Premix in
oily phase 10% N/A N/A N/A

Continuous
phase Tween 20 2.0% 0.999 0.001 O/W: 12.72

Final
emulsion

Inner phase in
continuous phase

5.0%
Inner phase N/A N/A W/O/W: 0.52

* O/W: Oil–Water; W/O/W: Water–Oil–Water; N/A: not applicable.

2.1. High-Shear Homogenization Technique

All emulsions were prepared with 5% (w/w) TO content. The aqueous phase
(containing emulsifiers and/or biopolymers) and oil phase were homogenized using a
T18 digital ULTRA TURRAX homogenizer (Ika®, Staufen, Germany) at 12,000 rpm for
3 min. Following preparation, emulsions were transferred to 50 mL polypropylene Falcon®

tubes and stored at 4 ◦C

2.1.1. Emulsifier Selection Strategy

The selection of emulsifiers for high-shear homogenization of thyme O/W emul-
sions was based on a systematic screening approach targeting different physicochemical
mechanisms: interfacial tension reduction, steric stabilization, viscosity modification, syn-
ergistic combinations, and hydrophilic–lipophilic balance (HLB) values. All emulsifiers
have been chosen among compounds generally recognized as safe (GRAS), ensuring suit-
ability for food and feed applications. Non-ionic surfactants (Merck, Feltham, UK) were
selected as the primary screening group due to their proven effectiveness in stabilizing
oil-in-water emulsions [16,26]. Tween 20 (polyoxyethylene sorbitan monolaurate) and
Tween 80 (polyoxyethylene sorbitan monoleate) were compared to evaluate the impact of
the hydrophobic-tail type (chain length and degree of unsaturation) on emulsion stability.
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Concentrations ranging from 0.5% to 6% (w/w) were tested to determine optimal surfac-
tant loading and identify potential over-processing effects. Lecithin with 90% soybean
phospholipids (Thermo Scientific, Altrincham, UK) was chosen as a natural amphiphilic
emulsifier due to its reported effectiveness in nutraceutical delivery systems [27].
Lecithin concentrations of 0.5%, 1.0%, 1.5% (w/w) were evaluated based on literature
recommendations [27,28].

2.1.2. Preliminary Stability Screening

Initial emulsion stability was assessed using accelerated destabilization testing via
centrifugation. Freshly prepared emulsions were centrifuged in 50 mL polypropylene
Falcon® tubes (internal diameter 2.8 cm) at 4149× g for 30 min using a GT 2R Expert
Centrifuge (Fisher Scientific, Loughborough, UK). The primary stability criterion was
the absence of visible phase separation, with secondary evaluation based on the height
of any separated oil/water layer, measured with a digital caliper (±0.01 mm precision).
This systematic approach enabled a comprehensive comparison of emulsifier performance
across different chemical classes and concentration ranges.

2.1.3. Formulation Optimization with Biopolymers

Based on preliminary emulsifier screening (see Results, Section 3.1), combined for-
mulations were developed by incorporating functional biopolymers as stabilizing and
delivery-enhancing agents to investigate their synergistic effect with 2% lecithin. Polysac-
charides, including medium-viscosity sodium alginate (Merck, Feltham, UK) and low-
methoxyl amidated (LMA) pectin (CP Kelco, London, UK), were selected for their dual
role in delivery and viscosity modification [25]. Based on the work of Fu-Yin Hsu et al.
(2012), the biopolymers were tested at concentrations ranging from 0.5% to 2.0% (w/w),
and their effect on continuous-phase rheology and long-term colloidal stability was eval-
uated [25]. Primary stability tests were performed as described in the preceding section,
using accelerated destabilization by centrifugation, with phase separation assessed as the
main stability indicator.

2.1.4. Emulsions Characterization

To evaluate the drop-size distribution and droplet diameters, a laser diffraction particle
size analyzer, Malvern Mastersizer S (Malvern Panalytical Ltd., Malvern, UK), and a
GXM-L 3201 LED CE ROHS FC microscope equipped with a GX camera (GT Vision Ltd.,
Newmarket, UK) were used. The viscosity of the oil and continuous phase was measured
at 25 ◦C, using a HAAKE Viscotester iQ rheometer (Thermo Scientific, Altrincham, UK).
For each emulsion, three separate samples and measurements were performed, and data
were reported as mean ± SEM.

2.1.5. Validation at Target Application Dosage

The most promising lecithin–pectin–alginate formulations (see Results, Section 3.1)
were diluted to 100 ppm, a concentration suitable for poultry oral administration according
to Hamed et al., 2022 [17]. The colloidal stability of the diluted emulsions was assessed by
measuring electrophoretic mobility and calculating ζ-potential using a Malvern Zetasizer
Ultra (Malvern Panalytical Ltd., Malvern, UK). Measurements were performed at 25 ◦C
in automatic mode with at least three replicate measurements per sample. The Smolu-
chowski approximation was used to convert electrophoretic mobility to ζ-potential values.
Emulsions with |ζ-potential| > 30 mV were considered electrostatically stable.
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2.1.6. Stability Assessment in Simulated Gastrointestinal Fluids

The colloidal stability of the optimized emulsion formulation (0.5% lecithin,
1.8% pectin, 0.20% sodium alginate) was evaluated under simulated monogastric gas-
trointestinal conditions, to assess its resistance to pH-induced destabilization and ionic
strength variations during gastric and intestinal transit. Simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF) were prepared according to the standardized INFOGEST 2.0
protocol [29], with pH values adjusted to reflect the poultry gastrointestinal physiology [30].
Both fluids were prepared fresh on the day of analysis and stored at 4 ◦C until use. All
chemicals were purchased from Merk (Milan, Italy).

Simulated Gastric Fluid (SGF, pH 2.5):
Electrolyte salts were dissolved in deionized water in the following order: KCl (6.9 mM),

KH2PO4 (0.9 mM), NaHCO3 (25 mM), NaCl (47.2 mM), MgCl2(H2O)6 (0.12 mM),
(NH4)2CO3 (0.5 mM), HCl (15.6 mM), and CaCl2(H2O)2 (0.15 mM). The solution was
brought to a final volume of 400 mL with deionized water. The pH was verified using a
calibrated pH meter (±0.01 units) and adjusted to 2.5 ± 0.1 using 1 M HCl as necessary to
mimic proventriculus/gizzard conditions in broiler chickens [31].

Simulated Intestinal Fluid (SIF, pH 6.5):
Electrolyte salts were dissolved in deionized water in the following order: KCl (6.8 mM),

KH2PO4 (0.8 mM), NaHCO3 (85 mM), NaCl (38.4 mM), MgCl2(H2O)6 (0.33 mM),
HCl (8.4 mM), and CaCl2(H2O)2 (0.6 mM). The solution was brought to a final volume
of 400 mL with deionized water. The pH was verified and adjusted to 6.5 ± 0.1 using
1 M NaOH as necessary to simulate small intestinal conditions in poultry [30,31].

Stability Test:
The optimized emulsion (previously diluted to 100 ppm TO as described in

Section 2.1.5) was further diluted (1:10 v/v) in freshly prepared SGF or SIF to achieve
a final concentration of 10 ppm, suitable for dynamic light scattering (DLS) analysis. Sam-
ples were gently mixed by inversion to ensure homogeneous distribution. Control samples
were prepared by diluting the emulsion in deionized water (pH~7.0, ionic strength~0) un-
der identical conditions. Droplet size (z-average hydrodynamic diameter), polydispersity
index (PDI), and ζ-potential were measured using a Malvern Zetasizer Nano-ZS equipped
with a 633 nm He-Ne laser (Malvern Panalytical, Malvern, UK). Size and PDI measure-
ments were performed in disposable polystyrene cuvettes DTS0012 (Mavern Panalytical,
Malvern, UK) at 25 ◦C with automatic attenuation optimization and a backscattering detec-
tion angle of 173◦. Each sample was equilibrated for 2 min before measurement, and data
were collected over at least 12 runs of 10 s each. ζ-potential was determined using folded
capillary cells DTS1070 (Malvern Panalytical, Malvern, UK) at 25 ◦C K, with automatic
voltage selection. Electrophoretic mobility was converted to ζ-potential values using the
Smoluchowski approximation (Henry’s function f(κa) = 1.5, appropriate for aqueous media
with moderate to high ionic strength). Each measurement was performed in triplicate
on three independent emulsion samples. Emulsions were considered stable if PDI < 0.5
(indicating acceptable monodispersity), and |ζ-potential| > 30 mV (indicating sufficient
electrostatic repulsion to prevent flocculation under the tested ionic strength conditions).
Images were acquired using an optical microscope B293, equipped with a C-B5 camera
(Optika Science, Ponteranica, Italy). Samples were diluted 1:10 with MilliQ water and
imaged using a 100× objective. At least four images were acquired for each sample, and
representative images are reported.

2.1.7. Long-Term Chemical Stability Assessment

The chemical stability of the main TO bioactive compounds (thymol and carvacrol) was
evaluated in pure TO and in the optimized emulsion formulation (0.5% lecithin, 1.8% pectin,
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and 0.20% sodium alginate). For the emulsion, stability was assessed both immediately
after preparation (T0) and after six months of storage (T6). Emulsion samples were stored
at 4 ◦C in polypropylene tubes. For pure TO, samples were prepared by direct dilution in
methanol (VWR International, Milan, Italy), whereas TO encapsulated within the emulsion
was recovered by liquid–liquid extraction with methanol (1:1, v/v; 3 × 10 mL). After
adding methanol at each extraction step, the pectin–alginate coagulum was mechanically
broken using a glass rod to improve solvent penetration. The mixture was then centrifuged,
and the resulting supernatant from each extraction was collected and combined. The
pooled methanolic extracts were finally passed through a 0.45 µm regenerated cellulose
acetate syringe filter to remove residual particulate matter before direct injection into the
HPLC system. Chromatographic analyses were performed on a Jasco LC-4000 series HPLC,
equipped with a PU-4180 quaternary pump, AS-4050 autosampler, CO-4061 column oven,
and an MD-4010 PDA detector. Separation was carried out on an 5 µm, 4.6 × 250 mm
Atlantis C18 column (Waters Corporation, Milford, MA, USA) under isocratic conditions
using water (eluent A) and acetonitrile (eluent B) at a 50:50 ratio. The total run time was
35 min, with a flow rate of 0.6 mL min−1. The column and autosampler were held at 25 ◦C,
and the injection volume was 20 µL. UV detection was set at 270 nm. Thymol and carvacrol
content in the emulsion was expressed as percentage recovery relative to the theoretical
concentration based on TO composition (58% thymol and 2.6% carvacrol, as determined by
GC–MS), and reported as the mean of three independent samples.

2.1.8. Spray-Drying of Optimized Formulations

The most promising lecithin–pectin–alginate formulations (see Results, Section 3.1)
were converted into beads by spray-drying in order to avoid water transport, facilitate
handling and storage, and enable final application either by redispersion in drinking water
or by direct incorporation into commercial feed formulations. Spray-drying was performed
using a BÜCHI Mini Spray Dryer B-290 (Fisher Scientific, Loughborough, UK), under the
following operating conditions: inlet temperature of 90 ◦C, aspirator rate of 85%, pump
rate of 25%, nozzle cleaning frequency of 5 times·min−1, and measured outlet temperature
of 59 ◦C.

2.2. Membrane Emulsification Technique

The membrane emulsification technique was used to prepare two emulsion types, as
reported in Table 2.

First, a single O/W emulsion, containing 5% (w/w) TO, was prepared to screen sur-
factants (Tween 20 vs. Tween 80 at 2% w/w). Tween 20 and 80 concentration was based
on the optimization performed in previous studies [21,32]. The best-performing emul-
sifier was then selected for the next step. For the W/O/W double emulsion, a premix
(1.8% pectin + 0.2% sodium alginate in water) was prepared, as obtained by high-shear
homogenization, and an oil phase was made with TO + 5% (w/w) PgPr (Polyglycerol
Polyricinoleate). The W/O inner phase consisted of 10% (w/w) premix homogenized
into TO with PgPr. The continuous phase was Milli-Q water with 2% Tween 20 (w/w),
and the final W/O/W emulsion contained 5% inner phase (v/v) dispersed in the continu-
ous phase. Pectin and sodium alginate were used at the concentrations optimized in the
homogenization experiments. At the end of the process, the resulting double emulsion
was passed repeatedly through the same membrane to evaluate whether multiple passes
reduced oil droplet size toward values comparable to high-shear homogenization. Mul-
tiple passes were performed at the optimal flow rate and rotational speed identified in
prior experiments.
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2.2.1. Membrane Module

The emulsions were obtained using a stirred cell with a flat disk membrane under a
paddle blade stirrer, as shown in Figure 1a,b. Both stirred cells and membranes were sup-
plied by Micropore Technologies Ltd. (Loughborough, UK). The agitator was driven
by a 30 V DC electric motor (LASCAR Model PSU 130), and paddle rotation speed
was in the range of 12.67 to 25.28 Hz (760 to 1517 rpm), which was controlled by the
applied voltage.

 
(a)  (b) 

Figure 1. Schematic and perspective views of the experimental set used to inject the dispersed phase.
(a) Cross-sectional view of the stirred cell, highlighting the main geometric parameters (T = 37.57 mm,
D = 30.08 mm, b = 10.20 mm, blade number = 2, Dm = 41.18 mm). The stirrer shaft and the membrane
are shown in grey. The membrane support, which also constitutes the cell base, is shown in light beige.
The red component represents the external housing of the stirrer shaft used to seal the cell. The white
arrow indicates the direction of dispersed phase inlet into the cell base. (b) Schematic representation
of shear surface formation during membrane emulsification using a stirred cell equipped with a
flat-sheet membrane. The curved arrow indicates the direction of stirrer rotation, while the upward
arrows represent the flow of the dispersed phase through the membrane pores toward the continuous
phase. The figure layout and concept were inspired by Dragosavac et al., 2008 [21]. The image was
generated using artificial intelligence based on a large language model.

The membrane used in this study was fabricated by galvanic deposition of nickel
onto a template formed by a photolithographic technique. It is a nickel membrane with an
annular region of uniformly distributed cylindrical pores. The membrane pore diameter
was dp = 10 µm, and the center-to-center spacing between pores was L = 200 µm. The
membrane porosity was 0.23%, as calculated from Equation (1):

ε =
π

2
√

3

(
dp
L

)2
(1)

where
dp: pore diameter (µm);
L: space between pores (µm).
The injection zone was restricted to the narrow annular region around the transitional

radius, as shown in Figure 2a,b. The effective cross-sectional area of the ring membrane was
2.81 cm2, while the number of pores in the injection zone was about 6000. The micrographs
of the membrane surface were taken using a VHX 7000N Digital Microscope (Keyence
Corp., Osaka, Japan).
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(a)  (b) 

Figure 2. (a) Top-view optical micrograph of an annular flat-sheet membrane. Dashed white circles
delimit the annular region in which pores are present, while the inner and outer membrane areas
are non-porous. The reported values correspond to the radial distances from the membrane center:
[1] 20.591 mm, [2] 12.892 mm, [3] 8.927 mm, [4] 7.473 mm, and [5] 3.965 mm. Scale bar: 1 mm.
(b) Optical micrograph of membrane pores. Scale bar: 200 µm.

2.2.2. Experimental Procedure

Prior to emulsification, the membrane was pre-soaked in a wetting agent, consisting
of 5% (v/v) Slither® (De Sangosse Ltd., Newmarket, UK) in acetone, for at least 30 min to
increase the hydrophilicity of the surface. The acetone was subsequently removed by evap-
oration under a stream of compressed air. TO was injected through the membrane using a
programmable syringe pump 11 Elite (Harvard Apparatus, Cambridge, UK) at a constant
flow rate. The flow rate was 0.5–7.5 mL·min−1 (corresponding to the dispersed phase flux
of 22.5–338 L·m−2·h−1), for the single emulsion and 0.5–12.0 mL·min−1 (corresponding
to the dispersed phase flux of 22.5–541 L·m−2·h−1), for the double emulsion. The initial
volume of continuous phase in the cell was 95 cm3, and the experiments were run until the
dispersed phase concentration reached 5% vol. Once the desired amount of oil had passed
through the membrane, both the pump and the agitator were switched off, and emulsion
samples were collected and analyzed.

After each experiment, the membrane was thoroughly cleaned following a standard-
ized ultrasonic cleaning protocol. It was first cleaned in hot soapy water in an ultrasonic
bath for 5 min, then subjected to sequential ultrasonic treatments in 1 M NaOH for 5 min
and 1 M acetic acid for 5 min, with intermediate rinses in distilled water. Finally, the
membrane was thoroughly rinsed and sonicated in distilled water for an additional 5 min.

To evaluate the drop-size distribution and droplet diameter, as for homogenization, the
laser diffraction particle size analyzer Malvern Mastersizer S and the optical GX microscope
were used. For each emulsion, three separate samples and measurements were performed,
and data were reported as mean ± SEM.

The mean particle size was expressed as the volume median diameter d(v,0.5), which is
the diameter corresponding to 50 vol.% on the cumulative distribution curve. The relative
Span of the drop size distribution was used to express the degree of drop size uniformity
and was calculated from Equation (2):

Span =
d(v, 0.9)− d(v, 0.1)

d(v, 0.5)
(2)

where
d(v,0.1): particle diameter below which 10% of the total sample volume is contained;
d(v,0.5) (median diameter): particle diameter at which 50% of the total sample volume

comprises smaller particles;
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d(v,0.9): particle diameter below which 90% of the total sample volume is contained.

2.3. Rheological Measurements

The rheological properties of the continuous phases were characterized using a
HAAKE Viscotester iQ Air rotational rheometer (Thermo Scientific, Altrincham, UK)
equipped with a double-gap cylinder rotor (CC27 DG/Ti; inner diameter 27.20 mm, gap
4.0 mm, sample volume 3.0 cm3). Shear-dependent viscosity was measured at 25.0 ◦C
(Peltier-controlled, ±0.1 ◦C) over a shear rate range of 10–400 s−1 using a two-segment lin-
ear ramp protocol: (i) ascending ramp from 10 to 400 s−1 over 1 min (Segment 1), followed
by (ii) descending ramp from 400 to 10 s−1 over 1 min (Segment 2). Approximately 3 mL
of freshly prepared sample was loaded and equilibrated for 2 min before measurement.
Apparent viscosity was calculated by RheoWin software (v4.83.0004) from measured shear
stress and applied shear rate.

2.4. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 10.6 (GraphPad
Software, Boston, MA, USA). Potential outliers were identified and excluded using Grubbs’
test (α = 0.05). Data normality was assessed with the Shapiro–Wilk test, and homogeneity
of variance was verified using Levene’s test. For emulsions produced by high-shear homog-
enization, differences in droplet size distribution parameters (Span and d(v,0.5)) among
formulations were evaluated using Welch’s one-way ANOVA. For emulsions produced
by membrane emulsification, the effects of dispersed-phase flux and stirrer speed on Span
and d(v,0.5) were analyzed using two-way ANOVA, followed by Tukey’s multiple compar-
isons post hoc test. Data were reported as mean ± SEM (n = 3 independent experiments).
Statistical significance was defined as p < 0.05 for all analyses.

3. Results
The experimental work was conducted in sequential stages, starting with the opti-

mization of component formulation, followed by the evaluation of process parameters for
each emulsification technique.

3.1. High-Shear Homogenization

For high-shear homogenization, the experimental results are presented in two main
parts: formulation screening and process optimization. The first step consisted of screening
surfactants (Tween 20, Tween 80, and soybean lecithin) over a practical concentration
range (0.5–6.0% w/w). Emulsion stability was evaluated by centrifugation, and the absence
of any visible phase separation was considered the acceptance criterion. Both Tween 20
and Tween 80 required 5% (w/w) concentration to meet this stability threshold, whereas
lecithin produced stable emulsions at 0.5% (w/w) concentration. Lecithin was therefore
identified as the optimal primary emulsifier, as it conferred the required emulsion stability
at the lowest effective concentration. After selection, extensive preliminary testing was
performed to screen the combinations and concentration ranges of the carrier agents, using
droplet-size metrics (µm) and centrifugation stability as selection criteria. Optimization
indicated that the optimal formulation comprised 0.5% (w/w) lecithin, 1.8% (w/w) pectin,
and sodium alginate within the tested range (0.20–0.50% w/w), Figure 3a. As shown in
Figure 3b, the Span values increased with sodium alginate concentration: 0.49 (0.20%),
1.10 (0.36%), and 1.59 (0.50%). Correspondingly, the modal particle diameter shifted
to larger sizes, approximately 0.18–0.25 µm at 0.20% sodium alginate, 0.7–1.0 µm
at 0.36% sodium alginate, and 1.2–1.8 µm at 0.50% sodium alginate as reported in
Figure 3c. The 0.20% sample exhibited a narrow, monomodal distribution
(approx. d(v,0.1)–d(v,0.9) ≈ 0.10–0.60 µm), and the 0.36% sample showed a moderate
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spread (approx. d(v,0.1)–d(v,0.9) ≈ 0.6–1.6 µm), whereas the 0.50% sample was broader and
multimodal (approx. d(v,0.1)–d(v,0.9) ≈ 0.9–6 µm). The d(v,0.5) was 0.21 µm (0.20% sodium
alginate), 0.65 µm (0.36% sodium alginate), and 1.36 µm (0.50% sodium alginate). These
intervals and medians were derived from Malvern Mastersizer laser-diffraction measure-
ments and exact d(v,0.1), d(v,0.5) and d(v,0.9) values calculated from the raw Mastersizer
data. Statistical analysis by Welch’s ANOVA revealed a highly significant effect of sodium
alginate concentration on both particle size distribution width (Span p = 0.0004) and median
particle size (d50 p = 0.0376), indicating that increasing alginate concentration significantly
broadens the size distribution and shifts the median diameter to larger values.

Figure 3. (a) Graphical representation of the volume-based particle size distributions (logarithmic
x-axis) as a function of sodium alginate concentration (%). (b) Variation in Span (dimensionless) as a
function of sodium alginate concentration (%). (c) Variation in volume–median diameter d(v,0.5) (µm)
as a function of sodium alginate concentration (%) Data represent mean ± SEM (n = 3 independent
experiments). A Welch’s ANOVA followed by Games–Howell post hoc analysis was performed.
Different letters (A, B, C) indicate statistically significant differences (p < 0.05).
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Microscopic observations of the emulsions corroborated these findings. At 0.20% sodium
alginate, droplets were consistently submicron and uniformly dispersed, whereas at
0.36% and 0.50% sodium alginate, microscopy revealed progressively larger droplets and
visible heterogeneity, as shown in Figure 4a–c. Moreover, these emulsions exhibited no visible
phase separation after storage at room temperature for six months.

Figure 4. Bright-field optical microscopy images (4× objective) of the emulsions: (a) 0.20% sodium
alginate; (b) 0.36% sodium alginate; (c) 0.50% sodium alginate. Images acquired at identical magnifi-
cation and illumination. Scale bar = 195.7 µm. Yellow arrows indicate locations where larger droplets
are observed, contributing to local heterogeneity within the emulsion.

As the 0.20% sodium alginate formulation yielded the most favorable droplet-size dis-
tribution, the emulsion was diluted to an appropriate poultry dosage of
100 ppm (100 mg·L−1), as shown in Figure 5, and its colloidal electrostatic stability was
evaluated [17]. Despite dilution, discrete emulsion droplets remain observable. Samples
were prepared by diluting the primary emulsion in deionized water (pH = 7); no filtration
was applied prior to measurement. Measures were carried out at 25 ◦C with automatic
equilibration, using the Smoluchowski approximation to convert electrophoretic mobility
to ζ-potential. Malvern Zetasizer measurements (n = 3 independent preparations) gave
ζ-potential = −51.5 ± 1.5 mV (mean ± SD; range −52.7 to −49.8 mV), with a corresponding
conductivity of 0.0266 mS·cm−1. Wall ζ and peak analyses yielded consistent results (Wall
ζ = −55.2 ± 2.1 mV; ζ peak means ≈ −74.4 mV and −50.5 mV), confirming a strongly
negatively charged surface and substantial electrostatic stabilization. No perceptible odor
and oil separation was detected by operators after dilution. As a final step, this primary
emulsion with 0.20% sodium alginate was spray-dried (see Materials and Methods for
operating conditions). The powder exhibited no perceptible odor.

Figure 5. Bright-field optical microscopy images (4× objective) of the emulsions: (a) 0.20% sodium
alginate; (b) 0.20% sodium alginate diluted to 100 ppm. Images acquired at identical magnification
and illumination. Scale bar = 195.7 µm. Yellow circles outline the emulsion droplets.
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3.1.1. Long-Term Physical and Chemical Stability of the Optimized Emulsion

The optimized O/W emulsion (0.5% lecithin, 1.8% pectin, 0.2% sodium alginate)
demonstrated good long-term physical stability when stored at 4 ◦C for six months. As
reported in Section 3.1, the initial physicochemical parameters measured immediately
after production (T0) were as follows: median droplet diameter d(v,0.5) = 0.21 µm, Span
= 0.49, and ζ-potential = −51.5 ± 1.5 mV (measured after dilution to 100 ppm). The
emulsion exhibited a narrow, monomodal size distribution with d(v,0.1) ≈ 0.10 µm and
d(v,0.9) ≈ 0.60 µm. After six months of storage (T6), the concentrated emulsion diluted
in deionized water exhibited moderate structural changes. The median droplet diameter
increased to d(v,0.5) = 1.15 µm (representing a 5.5-fold increase from T0), with a corre-
spondingly broader size distribution (d(v,0.1) = 0.94 µm, d(v,0.9) = 1.42 µm). Despite this
increase in absolute droplet size, the Span decreased to 0.41 (16.3% reduction from the
initial value of 0.49), indicating improved size distribution homogeneity. The polydispersity
index measured by dynamic light scattering was PDI = 0.4, confirming that the emulsion
maintained acceptable monodispersity (PDI < 0.5) throughout the storage period. Critically,
the emulsion retained robust electrostatic stabilization after six months, with ζ-potential
measured at −56.40 ± 1.08 mV (mean ± SD; range −57.48 to −55.32 mV). No visible phase
separation, creaming, or flocculation was observed throughout the storage period, and
microscopic examination confirmed the absence of macroscopic aggregates (Figure 6).The
raw autocorrelation function and the corresponding intensity-weighted particle size distri-
bution obtained by dynamic light scattering are reported in the Supplementary Materials
(Figure S1).

Figure 6. Bright-field optical microscopy images (100× objective) of the emulsions: 0.5% lecithin,
1.8% pectin, 0.20% sodium alginate diluted in deionized water to 100 ppm. Images acquired at
identical magnification and illumination. Scale bar = 10 µm.

Parallel HPLC analysis assessed the chemical stability of the main bioactive com-
pounds (thymol and carvacrol) encapsulated within the emulsion matrix. The chromato-
graphic profile of the pure TO confirmed its composition as 58% thymol and 2.6% carvacrol.
At T0, the emulsion recovery values were 92% for thymol and 93% for carvacrol, indicating
minimal losses (<10%) during the high-shear emulsification and subsequent liquid–liquid
extraction processes. After six months of controlled storage (4 ◦C), recovery decreased to
66% for thymol and 63% for carvacrol, corresponding to total losses of 26% for thymol and
30% for carvacrol over the storage period.

3.1.2. Stability Under Simulated Gastrointestinal Conditions
Emulsion Behavior in Simulated Gastric Fluid

In SGF, the emulsion exhibited a substantial increase in median droplet size compared
to the control in deionized water, with d(v,0.5) reaching 2.64 µm (versus 0.21 µm in water),
representing a 12.6-fold increase (Figure 7). The size distribution broadened accordingly,

https://doi.org/10.3390/colloids10010020

https://doi.org/10.3390/colloids10010020


Colloids Interfaces 2026, 10, 20 14 of 28

with d(v,0.1) = 1.97 µm and d(v,0.9) = 3.53 µm, resulting in a Span of 0.59 (1.2% higher
than in water). Despite this increase, the polydispersity index remained low (PDI = 0.3),
indicating that the enlarged droplets maintained a relatively narrow size distribution. The
ζ-potential decreased to −37.93 ± 0.31 mV, indicating that electrostatic stabilization still per-
sisted. The raw autocorrelation function and the corresponding intensity-weighted particle
size distribution obtained by dynamic light scattering are reported in the Supplementary
Materials (Figure S2).

   

Figure 7. Bright-field optical microscopy images (100× objective) of the emulsions: 0.5% lecithin,
1.8% pectin, 0.20% sodium alginate diluted in SGF. Images acquired at identical magnification and
illumination. Scale bar = 10 µm.

Emulsion Behavior in Simulated Intestinal Fluid

In SIF, the emulsion displayed further structural changes, with d(v,0.5) increasing
to 3.03 µm (2.6-fold increase relative to water control) and a broader size distribution
characterized by d(v,0.1) = 1.22 µm, d(v,0.9) = 3.92 µm, and Span = 0.89 (more than double
the value in water). The polydispersity index remained unchanged at PDI = 0.3, and
the mean hydrodynamic diameter was 5184 nm (Figure 8). The ζ-potential decreased to
−31.97 ± 1.81 mV, indicating that electrostatic stabilization persisted but was significantly
weakened compared to neutral pH conditions. The raw autocorrelation function and the
corresponding intensity-weighted particle size distribution obtained by dynamic light
scattering are reported in the Supplementary Materials (Figure S3).

   

Figure 8. Bright-field optical microscopy images (100× objective) of the emulsions: 0.5% lecithin,
1.8% pectin, 0.20% sodium alginate diluted in SIF. Images acquired at identical magnification and
illumination. Scale bar = 10 µm.

3.1.3. Rheological Behavior of O/W Homogenized Emulsion

The rheological properties of the continuous phase containing lecithin (0.5%), pectin
(1.8%), and varying concentrations of sodium alginate (0.20%, 0.36%, 0.50%) were char-
acterized as shown in Figure 9. All formulations exhibited pronounced shear-thinning
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behavior, with apparent viscosity (η) decreasing from ≈0.25–0.40 Pa·s at low shear rates
(

.
γ ≈ 10 s−1) to ≈0.13–0.18 Pa·s at high shear rates (

.
γ ≈ 400 s−1). Viscosity at low

shear rates increased systematically with alginate concentration: 0.20% (η ≈ 0.25 Pa·s),
0.36% (η ≈ 0.32 Pa·s), and 0.50% (η ≈ 0.40 Pa·s), reflecting enhanced polymer chain
entanglement. Minimal hysteresis was observed between ascending and descending
ramps, indicating negligible thixotropy. These rheological data directly explain the particle
size trends reported in Section 3.1. The lowest alginate concentration (0.20%) provided
optimal balance between biopolymer functionality and processing efficiency: the rela-
tively low viscosity (η ≈ 0.13 Pa·s at homogenization-relevant shear rates) enabled effi-
cient turbulent energy dissipation during high-shear homogenization, yielding submicron
droplets (d(v,0.5) = 0.21 µm, Span = 0.49). Conversely, elevated viscosity at 0.50% alginate
(η ≈ 0.18 Pa·s at high shear) dampened droplet breakup, resulting in larger, more polydis-
perse emulsions (d(v,0.5) = 1.36 µm, Span = 1.59).

Figure 9. Rheological characterization of emulsions containing lecithin (0.5%), pectin (1.8%), and
varying sodium alginate concentrations. Left: ascending shear rate ramp (0 → 400 s−1, acceleration).
Right: descending shear rate ramp (400 → 0 s−1, deceleration). Measurements performed at 25 ◦C.

3.2. Membrane Emulsification: Single Oil in Water (O/W) Emulsion

To establish control over droplet size and homogeneity while minimizing thermal
generation during the emulsification process, 5% (w/w) thyme O/W emulsions were
prepared by membrane emulsification to evaluate whether comparable droplet-size distri-
butions could be achieved under low-energy conditions. Preliminary experiments were
conducted to identify the most suitable non-particulate surfactant and to define the op-
erational window for dispersed-phase flux and rotor speed. Lecithin was excluded at
this stage due to the risk that insoluble particulates could obstruct membrane pores.
Tween 20 and Tween 80 (both at 2% w/w for the screening runs) were compared as
reported in Sections 3.2.1 and 3.2.2. A large range of conditions was tested to identify
the optimal flow-rate/rotational-speed (shear stress) combination before moving on to
formulation with polysaccharide carriers for obtaining the W/O/W emulsion. Each con-
dition was sampled immediately after production (data reported below refer to freshly
produced dispersions).

3.2.1. Tween 20

The influence of dispersed phase flux and stirrer speed on the Span and d(v,0.5) of
emulsions stabilized with Tween 20 is presented in Figure 10a. Across the examined range
of dispersed phase fluxes (0.5–7.5 mL·min−1), Span values remained consistently around
1.0 (≈0.85–1.04), indicating relatively narrow size distributions. Minor variations were
observed with increasing flux, but no clear monotonic trend emerged, suggesting that
Tween 20 provided steric stabilization and rapid interfacial coverage under all conditions.
Median droplet diameters ranged from approximately 38 to 59 µm. The lowest stirring
speed (12.67 Hz) tended to produce larger droplets (≈52–58 µm), while higher speeds
(17.23–25.29 Hz) generally reduced droplet size, with values approaching ~38 µm at the
lowest flux. This behavior is consistent with enhanced shear stresses thinning the interfacial
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boundary layer and promoting droplet detachment at smaller diameters. However, at
the highest flux (7.5 mL·min−1), the size-reduction benefit of speed partially plateaued,
likely due to more frequent collisions and less residence time near the membrane. The best
compromise between fineness and uniformity was achieved at 25.29 Hz with mid-high flux
(≈7.5 mL·min−1), where d(v,0.5) ≈ 52 µm, Span ≈ 0.85, and a monomodal distribution was
shown. At 25.29 Hz, increasing the flow rate (0.5, 2.5, 5.0, and 7.5 mL·min−1) was associated
with an increase in droplet diameter, as shown in Figure 10b. Under all tested conditions,
the emulsions exhibited a monodisperse droplet population. Creaming was observed
under all tested conditions, consistent with the relatively large droplet sizes obtained
(>25 µm). To assess statistical significance for these trends, a two-way ANOVA and Tukey’s
post hoc test were used to analyze both Span and d(v,0.5). For Span, a significant interaction
between flow rate and stirrer speed was observed. At 0.5 mL min−1, Span at 25.29 Hz was
significantly higher than at all lower frequencies: 12.67 Hz (adjusted p = 0.0188), 17.13 Hz
(adjusted p = 0.0207), and 21.09 Hz (adjusted p = 0.0231). In contrast, at 7.5 mL min−1, Span
at 25.29 Hz was significantly lower than at 12.67 Hz (adjusted p = 0.0371) and 21.09 Hz
(adjusted p = 0.0179). No significant differences in Span were found across frequency at
intermediate flow rates (2.5 and 5.0 mL min−1; p > 0.05). For d(v,0.5), although the group
means varied across processing conditions, there were no statistically significant main
effects or interactions detected by ANOVA (all p > 0.05).

Figure 10. (a) Variation in Span and volume–median diameter as a function of dispersed-phase
flux for Tween 20. Top panel: Span (dimensionless). Bottom panel: volume–median diameter
d(v,0.5) (µm). The x-axis reports dispersed-phase flux (mL·min−1); marker color denotes rotor
voltage (12.67–25.29 Hz, see legend). Data represent mean ± SEM (n = 3 independent experiments).
Each point corresponds to a single production condition using 5% (w/w) thyme oil and 2% (w/w)
Tween 20 during membrane emulsification. A two-way ANOVA followed by Tukey’s post hoc
analysis was performed. Different letters (A, B) indicate statistically significant differences (p < 0.05).
(b) Optical images (4×) of droplets obtained at 25.29 Hz. As the dispersed phase flow rate increases,
a progressive enlargement of droplet diameter can be observed. Scale bar = 195.7 µm.

3.2.2. Tween 80

The influence of dispersed-phase flux and stirrer speed on Span and d(v,0.5) for emulsions
stabilized with Tween 80 is presented in Figure 11a. Across the full range of dispersed phase
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fluxes tested (0.5–7.5 mL·min−1), Span values generally remained close to 1.0 (≈0.90–1.15),
indicating relatively narrow size distributions. Compared to Tween 20, slightly higher Span
values were observed at low flux, especially at higher stirring speeds, suggesting marginally
less efficient stabilization with Tween 80 under these conditions. As the dispersed phase flow
rate increased, Span tended to decrease, while a higher rotational speed was usually associated
with an increase in Span. Median droplet diameters d(v,0.5) ranged from approximately
44 to 59 µm. The largest droplets (≈59 µm) were observed at the lowest stirring speed
(12.67 Hz, 7.5 mL·min−1), while increasing stirrer speed (17.13–25.29 Hz) generally reduced
median diameter, reaching values near 44 µm at the lowest flux. The most favorable
compromise between droplet fineness and uniformity was achieved at intermediate fluxes
(≈2.5–5 mL·min−1) and higher stirring speeds (≥17.13 Hz), where d(v,0.5) stabilized between
46 and 55 µm and a Span near 0.90 with a single narrow size distribution was present. Statistical
analysis was performed via two-way ANOVA followed by Tukey’s post hoc test. For span,
a significant effect of homogenization frequency (shear stress) was found, with interaction
by flow rate: at 0.5 mL·min−1, Span at 25.29 Hz was significantly higher than at 12.67 Hz
(p < 0.0001), 17.13 Hz (p = 0.0002), and 21.09 Hz (p < 0.0001). At 2.5 mL·min−1, only the com-
parison between 12.67 Hz and 25.29 Hz reached significance (p = 0.0008); no other pairwise
differences were significant at this flow rate. No significant differences among frequencies were
observed at 5.0 or 7.5 mL·min−1 (p > 0.05). In contrast, the median droplet diameter demon-
strated some statistically significant differences across both shear stress and flow rate conditions.
At 0.5 mL·min−1, 25.29 Hz vs. 12.67 Hz: p = 0.0169; at 2.5 mL·min−1, 25.29 Hz vs. 12.67 Hz:
p = 0.0037). Nevertheless, for several combinations, no significant differences were detected.
Representative optical images of emulsions obtained at 25.29 Hz are shown in Figure 11b. The
progressive increase in dispersed phase flow rates (0.5, 2.5, 5.0, and 7.5 mL·min−1) led to larger
droplet diameters. Under all tested conditions, emulsions remained monodisperse, displaying
narrow and unimodal size distributions as reflected by the span values. Creaming was observed
under all tested conditions, consistent with the relatively large droplet sizes obtained (>25 µm).

Figure 11. (a) Variation in Span and volume–median diameter as a function of dispersed-phase flux
for Tween 80 (right column). Top panel: Span (dimensionless). Bottom panel: Volume–median
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diameter d(v,0.5) (µm). The x-axis reports dispersed-phase flux (mL·min−1); marker color denotes
rotor voltage (12.67–25.29 Hz, see legend). Data represent mean ± SEM (n = 3 independent exper-
iments). Each point corresponds to a single production condition using 5% (w/w) thyme oil and
2% (w/w) Tween 80 during membrane emulsification. A two-way ANOVA followed by Tukey’s
post hoc analysis was performed. Different letters (A, B) indicate statistically significant differences
(p < 0.05). (b) Optical images (4×) of droplets obtained at 25.29 Hz. As the dispersed phase flow rate
increases, a progressive enlargement of droplet diameter can be observed. Scale bar = 195.7 µm.

3.2.3. Membrane Emulsification: Double Water in Oil in Water (W/O/W) Emulsion

The influence of dispersed phase flux and stirrer speed on both Span and me-
dian droplet diameter d(v,0.5) for W/O/W double emulsions is shown in Figure 12a.
At the lowest flux (0.5 mL·min−1), Span values were minimal (≈0.62–0.67), indicating
very narrow size distributions. As flux increased, Span rose sharply, reaching values of
approximately 0.85–0.95 at ≥4 mL·min−1. The trend was consistent across stirring speeds,
suggesting that droplets crowding and slightly aggregating during formation at higher
flow rates. Median droplet diameters ranged from ≈27 to 60 µm, exhibiting a pronounced
dependence on both flux and stirrer speed. At the lowest flux (0.5 mL·min−1), droplet
size was smallest, decreasing with increasing rotational speed from ≈40 µm at 12.67 Hz
to ≈27 µm at 25.29 Hz. At intermediate fluxes (4–7.5 mL·min−1), d(v,0.5) values increased
substantially, reaching 45–60 µm according to stirring condition. At the highest flux
(12 mL·min−1), droplet diameters slightly decreased compared to 7.5 mL·min−1, possibly
reflecting a balance between shear-induced breakup and droplet coalescence. Overall, Span
analysis highlights that the most favorable double emulsions (with narrow distributions
and smaller droplets) were achieved at the lowest flux (0.5 mL·min−1) and highest stirring
speeds (21.09–25.29 Hz), yielding droplets ≈27–32 µm and span ≈0.61, with a monomodal
distribution. All emulsions displayed visually monodisperse populations across tested
conditions. Creaming was observed under all tested conditions, consistent with the rela-
tively large droplet sizes obtained (>25 µm). Statistical assessment via a two-way ANOVA
followed by Tukey’s post hoc test reconfirmed that both homogenization frequency and
flow rate significantly influenced droplet size distribution breadth (Span), while the median
droplet diameter (d(v,0.5)) remained statistically invariant across all tested conditions. At
0.5 mL min−1, Span at 25.29 Hz was significantly higher than at 17.13 Hz (p = 0.0016) and
21.09 Hz (p = 0.0168), but not significantly different from 12.67 Hz (p = 0.9678). For all other
flow rates (2.5, 5.0, and 7.5 mL·min−1), no significant differences among frequencies were
observed (p > 0.05). Moreover, median diameter d(v,0.5) showed no statistically significant
variation under any combination of shear stress and flow rate (all pairwise comparisons:
p > 0.05), confirming that while polydispersity (Span) was sensitive to processing param-
eters, the central tendency of droplet size remained unaffected by the tested conditions.
Representative optical images of emulsions obtained at 0.5 mL min−1 and 25.29 Hz are
shown in Figure 12b.

3.2.4. Effect of Repeated Membrane Passes on W/O/W Emulsion Droplet Size and Span

To evaluate whether droplet size could be progressively reduced toward values typical
of high-shear homogenization (<10 µm), the W/O/W emulsion prepared under optimal
conditions was recirculated through the same membrane up to four times (Figure 13).
The median droplet diameter decreased markedly with each pass from 26.5 µm (pass
1) to 12.5 µm (pass 2), reaching 6.6 µm after pass 4. Concomitantly, the Span increased
from 0.61 to 1.78, indicating a trade-off between droplet size reduction and distribution
uniformity. Although a Span of ~1.78 reflects moderate polydispersity rather than a narrow
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distribution, it remains operationally more than acceptable for feed-focused applications,
especially given the substantial shift in d(v,0.5) into the sub-10 µm regime. Mechanistically,
the trade-off is consistent with enhanced droplet–droplet interactions and coalescence
during successive recirculation, which counteracts the size-reduction benefit of repeated
passage [21,33].

Figure 12. (a) Variation in Span and volume–median diameter as a function of dispersed-phase
flux for W/O/W double emulsion (right column). Top panel: Span (dimensionless). Bottom
panel: Volume–median diameter d(v,0.5) (µm). The x-axis reports dispersed-phase flux (mL·min−1);
marker color denotes rotor voltage (12.67–25.29 Hz, see legend). Data represent mean ± SEM
(n = 3 independent experiments). Each point corresponds to a single production condition using
5% (w/w) thyme oil during membrane emulsification. A two-way ANOVA followed by Tukey’s post
hoc analysis was performed. Different letters (A, B) indicate statistically significant differences
(p < 0.05). (b) Optical images (4×, 10× and 40×) of droplets obtained at the best conditions
(0.5 mL·min−1 25.29 Hz). The yellow arrow indicates oil droplets containing internal water droplets,
confirming the W/O/W double emulsion structure. Scale bar = 195.7 µm.

Figure 13. Cont.
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Figure 13. (a) Effect of repeated membrane passes on Span of W/O/W. (b) Effect of repeated
membrane passes on d(v,0.5) of W/O/W. (c) Effect of repeated membrane passes on particle size
distribution of W/O/W. All measurements were performed under optimal operating conditions.
Data represent mean ± SEM (n = 3 independent experiments).

3.2.5. Rheological Behavior of W/O/W Emulsion

The W/O/W double emulsion exhibited very low viscosity (η ≈ 0.007 Pa·s at
.
γ = 10 s−1, decreasing to ≈0.0015 Pa·s at

.
γ = 400 s−1) with mild shear-thinning behavior

and minimal hysteresis between ascending and descending shear rate ramps (Figure 14).
This low-viscosity profile is determined by the composition of the external aqueous phase
(W2: water + 2% Tween 20), which lacks high-molecular-weight biopolymers, rather than
by the encapsulated pectin–alginate-rich internal phase (W1). Consequently, the W/O/W
system exhibits viscosity values approximately 35-fold lower than the O/W emulsions
with pectin–alginate continuous phases, despite containing the same biopolymers in the
internal compartment. The lack of significant thixotropy and low viscosity are favorable
for membrane emulsification processing, facilitating reproducible droplet formation and
uniform shear distribution during repeated membrane passes.

Figure 14. Rheological characterization of W/O/W emulsion obtained with 0.5 mL min−1 at 25.29 Hz.
Left: ascending shear rate ramp (0 → 400 s−1, acceleration). Right: descending shear rate ramp
(400 → 0 s−1, deceleration). Measurements performed at 25 ◦C.
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4. Discussion
This study optimized the production of single Oil in Water (O/W) and double Oil in

Water in Oil (W/O/W) Thyme Oil (TO) emulsions and clarified how formulation parame-
ters and emulsification methods together influence emulsion structure and properties. Both
the chemical nature of the emulsifiers and the hydrodynamic environment during droplet
formation played critical roles in determining droplet size, size distribution (Span), and
stability. Consistent with the literature, lecithin was found to be an effective food-grade
emulsifier for O/W systems, providing stability at relatively low concentrations [34]. By
contrast, non-ionic polysorbates (Tween 20, Tween 80) are routinely used in food and feed
applications for their safety and robustness, generally requiring higher dosages to achieve
comparable physical stability [35]. A direct comparison of high-shear homogenization
(high-energy process) and membrane emulsification (low-energy process) revealed that
droplet size, polydispersity, and physical stability are co-determined by formulation compo-
sition and processing mechanics. These physicochemical attributes are critical determinants
of functional performance in animal health applications, as they govern the site and kinetics
of TO release along the gastrointestinal tract [19].

High-shear homogenization relies on chaotic turbulent shear forces, capable of pro-
ducing submicron droplets, making them suitable for high-throughput and large-scale
manufacturing [36,37]. However, this approach often yields broader (more polydisperse)
size distributions [36]. In this study, high-shear homogenization successfully produced
physically stable submicron O/W emulsions, with lecithin emerging as the most efficient
emulsifier. In agreement with previous studies [38], lecithin achieved stability at low con-
centrations (0.5% w/w), outperforming non-ionic polysorbates such as Tween 20 and Tween
80, which required 5- to 10-fold higher dosages. The optimized formulation containing
lecithin, pectin, and a low concentration of sodium alginate (0.20%) generated droplets
with a median diameter d(v,0.5) = 0.21 µm and a narrow distribution (Span = 0.5). This
highly uniform, submicron size suggests efficient energy transfer and rapid stabilization
during the homogenization process. Such a small droplet size is crucial, as the initial rate
and extent of lipid digestion increase significantly as droplet diameter decreases, primarily
due to the greater total surface area available for interaction with digestive enzymes [19].
The ability to control the droplet size and narrow the Span (polydispersity) in high-shear
processes is fundamentally linked to the rheological properties of the continuous phase.
Furthermore, studies focusing on emulsion formulation stability show that high dispersed
phase flow rates during emulsification can lead to larger drops than theoretically predicted
by force-balance models, confirming the general sensitivity of droplet size to flow dynamics
and viscosity during formation [32,39].

In fact, the experimental data reveal a clear and significant influence of sodium al-
ginate concentration on both droplet size distribution and droplets’ median diameters
(Span p < 0.0376; d(v,50) p < 0.0004). Sodium alginate, a hydrocolloid often used in combi-
nation with pectin [18,25], significantly increases the viscosity of the aqueous continuous
phase, which consequently hinders efficient droplet disruption during turbulent high-shear
homogenization. In fact, increasing the sodium alginate concentration leads to a larger
d(v,0.5) = 1.36 µm and broader distributions (Span = 1.6), which increase polydispersity.
Microscopic observations visually corroborated the quantitative size data, showing uni-
formly dispersed submicron droplets at 0.20% sodium alginate, contrasting sharply with
the progressively larger and heterogeneous populations seen at 0.36% and 0.50% sodium
alginate. This result highlights a trade-off in high-shear processing where the thickening
effect of the biopolymer, while beneficial for long-term colloidal stability against creaming,
simultaneously dampens the turbulent energy dissipation required for effective droplet
break-up. A critical finding is that the optimized O/W remained stable when diluted to
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a suitable poultry dose (100 ppm) [17], exhibiting a robust negative ζ-potential (approx
−51.5 ± 1.5 mV), which ensures excellent electrostatic stabilization even upon dilution. In
fact, a high absolute ζ-potential (typically > 30 mV) is essential for preventing disperse
phase aggregation [22]. The observation is consistent with the anionic nature of both
sodium alginate and pectin, whose carboxyl groups (pKa ≈ 3) are deprotonated in aqueous
solution (pH ≈ 5.5–7.0), resulting in a net negative surface charge [24]. Moreover, although
lecithin is zwitterionic, it often exhibits a net negative charge under neutral to slightly
acidic conditions, as its anionic phosphate groups (pKa ≈ 1.5) remain fully deprotonated
in this pH range [40]. The resulting small droplet size and robust negative ζ-potential
are critical for colloidal stability against aggregation phenomena like flocculation and
coalescence, especially when the emulsion is diluted for oral administration [41]. The
choice of pectin and sodium alginate is particularly relevant for delivery systems, as these
biopolymers are frequently combined to form hydrogel-based carriers or microparticles.
Their synergistic gelation, often driven by ionic crosslinking with Ca2+ via the “egg-box”
mechanism, provides structural integrity, while their pH-responsive gel-forming proper-
ties confer gastric protection and enable targeted delivery of bioactive compounds to the
intestinal tract. Specifically, this matrix remained stable under acidic gastric conditions
and facilitated release in an alkaline environment simulating the intestine [18,24,25,42].
In fact, our results in simulated gastrointestinal fluids revealed the pH-dependent struc-
tural changes characteristic of pectin–alginate systems. In acidic SGF, droplets enlarged to
2.64 µm while retaining negative charge (−37.93 mV). Protonation below the biopolymer
pKa values (3.0–4.5) might trigger sol–gel transition, creating a protective hydrogel shell
around droplets [43,44]. In SIF, droplets grew further to 3.03 µm with broader distribution
(Span = 0.89), attributed to ionic screening from elevated bicarbonate concentration (85 mM)
and divalent cation-induced crosslinking where calcium and magnesium ions coordinate
between guluronic acid blocks in alginate chains [45,46]. The ζ-potential decreased to
−31.97, indicating that electrostatic stabilization was significantly weakened compared to
neutral pH conditions and suggesting the onset of a destabilization process that progres-
sively evolves over time. These pH-responsive structural rearrangements show potential
for gastric protection and intestinal release, though such physicochemical observations
provide only indirect evidence of controlled delivery. Definitive confirmation of site-specific
bioactive release would require comprehensive in vitro digestion protocols that simulate the
complex enzymatic environment of the gastrointestinal tract. Developing adapted in vitro
digestion methodologies that enable simultaneous tracking of both structural evolution
(particle size, ζ-potential) and bioactive release kinetics (HPLC quantification) represents a
critical but technically demanding next step, requiring specialized equipment and protocol
optimization beyond the scope of the present formulation study [33].

Independent of these considerations, the optimized O/W emulsion maintained
excellent physical stability over six months at 4 ◦C, with ζ-potential increasing from
−51.5 ± 1.5 mV to −56.40 ± 1.08 mV. This enhancement likely resulted from progres-
sive pectin and alginate chain rearrangement at the interface, exposing more deprotonated
carboxyl groups. HPLC analysis showed thymol and carvacrol retention of 66% and 63%,
respectively, after six months. However, these recovery values may underestimate ac-
tual bioactive retention, as the methanol extraction process induced the formation of a
pectin–alginate coagulum that potentially acted as a molecular sponge, entrapping residual
thymol and carvacrol despite repeated extraction cycles. This extraction artifact, combined
with the documented susceptibility of phenolic monoterpenes to oxidative degradation
during prolonged storage [47,48], suggests the true bioactive content likely falls between
the measured recovery values and the initial 92–93% encapsulation efficiency. Nevertheless,
even the conservative recovery estimates indicate adequate chemical stability for typical

https://doi.org/10.3390/colloids10010020

https://doi.org/10.3390/colloids10010020


Colloids Interfaces 2026, 10, 20 23 of 28

feed additive shelf-life requirements (3–12 months) [49]. Future formulations could benefit
from incorporating lipophilic antioxidants such as tocopherols to further mitigate oxidative
losses [48].

Indeed, the most promising lecithin–pectin–alginate formulations (see Results, Sec-
tion 3.1), obtained by high-shear homogenization, were converted into beads via spray-
drying to avoid water transport, facilitate handling and storage, and enable final application
either by redispersion in drinking water or by direct incorporation into commercial feed
formulations.

In contrast, membrane emulsification is characterized by controlled hydrodynamic
shear stress applied across the membrane surface, leading to the formation of highly
uniform droplets with consistently narrow size distributions [14,26,36]. In this case,
the dimension of droplet size is highly deterministic, influenced by the balance be-
tween the applied shear stress, the flow rate, and the interfacial tension at the emerging
droplet surface [21,26,50] In fact, studies employing stirred cell membrane emulsifica-
tion, such as by Dragosavac et al. (2008), have demonstrated that precise control over
particle size distribution is achieved by adjusting parameters such as membrane pore
size, dispersed phase flux, and stirrer speed (shear stress) [21]. Under identical pro-
cessing conditions, Tween 20 produced slightly narrower droplet size distributions than
Tween 80 (Span ≈ 0.85–1.05 vs. 0.90–1.15), particularly at low flux and low stirring speed.
Median droplet diameters were broadly comparable for the two surfactants (Tween 20:
~38–58 µm; Tween 80: ~40–57 µm), although Tween 80 tended to generate somewhat larger
droplets at the lowest stirring speed. This is consistent with the slightly lower interfacial
stabilizing efficiency of Tween 80 under mild hydrodynamic conditions. The resulting
d(v,0.5) is consistent with what was reported from Pu et al. (2019) on stirred-cell membrane
emulsification systems [22,51]. For both surfactants, increasing stirring speed led to a
reduction in d(v,0.5), reflecting the expected role of rotor-induced shear in thinning the
interfacial film and promoting droplet detachment at smaller diameters. At the highest
flux, however, this size-reduction effect appeared to plateau, likely due to increased droplet
collisions, crowding, and reduced residence time near the membrane surface. The influence
of rotor speed was most pronounced at low dispersed-phase flux, where the highest speeds
produced the smallest droplets (down to ~38 µm with Tween 20). This confirms that, under
low-flux conditions, rotor-induced shear is the dominant factor controlling droplet breakup.
Increasing the dispersed-phase flux generally led to slightly narrower distributions for both
surfactants (as reflected by modest reductions in Span), but its effect on d(v,0.5) depended
on rotor speed and surfactant type. For Tween 80, low-speed conditions were associated
with a progressive increase in median droplet size as flux increased. In contrast, for Tween
20, d(v,0.5) was largely insensitive to flux and was primarily governed by stirring speed.
Statistical analysis further supported these observations. For both Tween 20 and Tween 80,
Span was selectively affected by processing parameters, with significant differences only
under specific combinations of flux and shear. In contrast, for Tween 20, no statistically
significant variations in d(v,0.5) were detected across the tested conditions, indicating
that the small differences observed experimentally likely reflect intrinsic variability rather
than true process effects. Overall, Tween 20 offered a modest advantage in producing
tighter size distributions, while both polysorbates responded similarly to shear, enabling
comparable target median diameters at intermediate flux and high stirring speed. Based on
these considerations, Tween 20 was selected as the surfactant for subsequent optimization
experiments involving sodium alginate and pectin.

The W1/O/W2 emulsions produced by membrane emulsification combined PgPr at
the inner W1/O interface with Tween 20 at the external O/W2 interface, while pectin and
sodium alginate in the internal aqueous phase reduced interfacial tension to an ultra-low
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0.52 mN·m−1. This multilayer organization facilitated efficient droplet formation, yielding
highly uniform emulsions at low dispersed-phase flux (d(v,0.5) ≈ 27–32 µm; Span ≈ 0.61).
Consistent with the behavior observed in single O/W systems, droplet size was statistically
unaffected by stirring speed (p > 0.05), whereas Span remained sensitive to shear: the high-
est rotor speeds (21.09–25.29 Hz) produced significantly narrower distributions compared
with intermediate speeds (p < 0.05). These results indicate that, under ultra-low interfacial
tension, shear primarily governs the breadth of the size distribution rather than the median
diameter. Repeated recirculation through the membrane further reduced droplet size to
6.6 µm, confirming efficient secondary breakup enabled by the low interfacial tension.
However, this improvement in fineness came at the cost of distribution broadening: Span
increased markedly from 0.61 to 1.78. Such behavior is consistent with reports show-
ing that double emulsions are more susceptible to shear-induced disruption due to their
higher internal interfacial area and compositional heterogeneity. Despite this moderate
broadening, the final Span remained acceptable for functional feed applications, where
broader or mildly multimodal distributions are common and do not impair performance.
Overall, these findings underline the importance of calibrating hydrodynamic stress during
W/O/W production: while ultra-low interfacial tension promotes small droplet formation,
excessive shear during recirculation compromises uniformity. Optimizing this balance is
therefore crucial for achieving stable double emulsions suitable for controlled-release or
nutrient-delivery applications in animal nutrition.

These results complement previous findings by Pu et al. (2019), who showed that
macromolecular emulsifiers such as octenyl succinic anhydride starch or pea-protein isolate
improve W/O/W stability compared with small-molecule surfactants like Tween 20 [51].
The present system confirms that while Tween 20 effectively reduces interfacial tension,
long-term diffusion stability in double emulsions depends strongly on the viscoelastic
strength of the interfacial layer provided by biopolymers.

Despite the promising uniformity achieved through membrane emulsification, all
formulations exhibited creaming over time, with the W/O/W system showing the most
potential for functional applications. Future work will therefore focus on further refining
the W1/O/W2 formulation to prevent creaming and/or exploring coacervation techniques
to solidify the internal droplets at the desired size, thereby enhancing long-term physical
stability. The systematic comparison presented here demonstrates that emulsification tech-
nique and formulation chemistry are not independent variables but rather synergistically
determine the physicochemical properties of the final delivery system. The data reveal
distinct operational windows for each approach: high-shear homogenization achieves sub-
micron particles only when continuous-phase viscosity remains below a critical threshold
(here, ≤0.20% sodium alginate), whereas membrane emulsification requires careful tuning
of shear stress and flux to avoid coalescence.

The present study was intentionally designed as a formulation and physical-stability
oriented pilot investigation aimed at developing TO emulsions suitable for oral administra-
tion in livestock using exclusively GRAS ingredients. The work focused on establishing
rational links between processing method, emulsifier type, and polysaccharide incorpora-
tion, and their effects on droplet-size distribution and long-term stability. As a consequence,
the results of this study should be interpreted primarily in terms of physicochemical robust-
ness and pH-responsive structural behavior, rather than as direct evidence of controlled
intestinal release or biological efficacy. While this approach provides essential mechanistic
insight into colloidal behavior, additional studies are required to fully elucidate targeted
intestinal delivery, release dynamics, and biological efficacy. In particular, structural char-
acterization alone cannot capture diffusion-driven leakage phenomena or predict bioactive
release kinetics under gastrointestinal conditions. Accordingly, future investigations will
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include adapted in vitro digestion models relevant to livestock species, as well as in vivo
validation to assess gastrointestinal stability, bioavailability, and biological efficacy. These
studies are essential to establish the biological effectiveness of the optimized formula-
tions identified in this work. Upon confirmation of in vivo efficacy, further efforts will
focus on assessing emulsion scalability and performance under continuous industrial
processing to support industrial-scale implementation. Despite these considerations, the
mechanistic framework established in this study provides a rational basis for selecting and
optimizing emulsification strategies according to specific delivery requirements in animal
nutrition applications.

5. Conclusions
This current study complemented existing literature by confirming that both high-

shear homogenization and membrane emulsification are effective tools for designing
TO-based delivery systems in animal health applications. High-shear processing enabled
the rapid production of physically stable, submicron O/W emulsions, where lecithin at low
concentration provided excellent stabilization through combined electrostatic and steric
mechanisms. The incorporation of pectin and sodium alginate further enhanced stability,
although increased viscosity limited droplet breakup efficiency. In contrast, membrane
emulsification allowed precise control of droplet size and distribution by adjusting shear
stress and interfacial tension, producing highly uniform droplets under mild, non-thermal
conditions ideally suited for thermosensitive compounds such as certain bioactive con-
stituents present in TO. Moreover, this technique facilitated the formation of W/O/W
double emulsions with compartmentalized structures, supporting sustained or site-specific
release. However, further optimization of formulation parameters is required to improve
long-term stability, particularly to minimize creaming phenomena during storage. The
choice between the two emulsification methods can therefore be tailored to the desired
delivery target within the gastrointestinal tract: smaller droplets obtained via high-shear
homogenization are expected to release their contents in the upper gut, while the larger,
structured droplets from membrane emulsification may favor delivery to distal intestinal
regions. These complementary techniques can also be integrated sequentially to achieve
multi-scale control over droplet architecture and release kinetics. Overall, this work estab-
lishes a flexible framework for engineering biopolymer-stabilized emulsions capable of
delivering essential oils safely and effectively, advancing the development of antibiotic-free
strategies for sustainable animal production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/colloids10010020/s1, Figure S1. Dynamic light scattering analysis
of the optimized thyme oil emulsion after six months of storage at 4 ◦C. Left panel: Intensity-weighted
particle size distribution. Right panel: Raw autocorrelation function. The emulsion sample was
diluted to 100 ppm in deionized water prior to measurement. Temperature: 25 ◦C. Detection angle:
173◦ (backscattering). Figure S2. Dynamic light scattering analysis of the optimized thyme oil
emulsion diluted in simulated gastric fluid (SGF, pH 2.5). Left panel: Intensity-weighted particle
size distribution. Right panel: Raw autocorrelation function. The emulsion sample was diluted
to 10 ppm in freshly prepared SGF prior to measurement. Temperature: 25 ◦C. Detection angle:
173◦ (backscattering). Figure S3. Dynamic light scattering analysis of the optimized thyme oil
emulsion diluted in simulated intestinal fluid (SIF, pH 6.5). Left panel: Intensity-weighted particle
size distribution. Right panel: Raw autocorrelation function. The emulsion sample was diluted
to 10 ppm in freshly prepared SIF prior to measurement. Temperature: 25 ◦C. Detection angle:
173◦ (backscattering).
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