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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Optimised Pickering emulsions with 
pectin-curcumin SD particles.

• Stability achieved by balancing oil 
fraction and SD concentration.

• Predictive models resulted in higher CI 
and D[4,3] than experimental.

• Rheological analysis confirmed distinct 
emulsion behaviours.

• Emulsions presented significant poten
tial for food sauces.
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A B S T R A C T

Given the evolving trends in consumption, Pickering emulsions are emerging as a promising solution for func
tional and healthier foods, highlighting the need to diversify particle stabilisers. This study assessed the potential 
of curcumin-based solid dispersions (SDs) prepared with natural polymers (pectin, maltodextrin, Arabic gum, 
potato starch, and k-carrageenan) as Pickering stabilisers. Among these, pectin-curcumin SDs (contact angle =
48.0 ± 3.6◦) demonstrated effective emulsion stabilisation, as confirmed by confocal microscopy. The impact of 
oil volume fraction (φ = 0.20–0.70) and SD concentration (1.0–5.0 % wt.) on emulsion stability was evaluated. 
An intermediate φ (0.45) consistently minimised creaming index (CI = 0–16.67 %) and droplet size (D[4,3] =
2.53–4.12 µm). Complete reduction of creaming (CI = 0 %) was achieved at high SD concentration with low φ or 
low SD concentration with high φ, leading to improved stability. The three produced optimised formulations 
exhibited distinct colour properties (L* = 64.06–72.00, a* = − 11.09–12.50, b* = 55.10–60.70), with hues 
ranging from yellow to orange, highlighting their potential for natural colouring applications. Rheological 
behaviour varied from gel-like (G’ > G”) to viscoelastic (G’ = G”), broadening their potential in food formu
lations. Higher SD concentrations with lower/intermediate φ produced structured, gel-like emulsions suitable for 
sauces or spreads. In contrast, lower SD concentrations with higher φ yielded fluid emulsions for dressings or 
beverages. These findings highlight the feasibility of SD-based Pickering emulsions for designing stable (≥30 
days), visually appealing, and texturally versatile food products.
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1. Introduction

Pickering emulsions are stabilised by solid particles, which form a 
protective layer at the oil-water interface, preventing coalescence and 
enhancing stability. This distinctive mechanism provides advantages 
over conventional emulsions stabilised by molecular surfactants, 
including enhanced stability, precise control of droplet size distribution, 
and the added benefits of natural edible particles [1,2]. In the food in
dustry, particularly in developing innovative products aligned with 
current consumption trends, Pickering emulsions are an attractive so
lution to cover the demand for natural and functional products [3].

The successful production of Pickering emulsions relies on solid 
particles with specific characteristics, including size, morphology, and 
wettability. Particles with contact angles (θ) below 90º are said to be 
hydrophilic and suitable to form oil-in-water (O/W) emulsions. In 
comparison, those with values greater than 90º are hydrophobic and 
adequate to prepare water-in-oil (W/O) emulsions [4]. The particles 
should ideally exhibit partial wettability by both the oil and water 
phases, enabling them to adsorb at the interface and form a dense 
monolayer. This layer stabilises the emulsion by lowering interfacial 
tension and preventing droplet coalescence [5]. In addition, the for
mulation’s particle concentration and φ are crucial factors contributing 
to Pickering emulsions’ stability and improved rheological properties 
[6,7].

Recent developments focused on synthesising food-grade particles as 
Pickering stabilisers are mainly based on proteins and polysaccharides. 
Protein examples include sources such as gelatine [8], whey protein [9], 
and several plant-based proteins (e.g., soybean, pea, mung bean, chia 
seed, and chickpea) processed as microgel particles [10–12]. Among 
polysaccharides, cellulose [13], modified starch [14] and chitosan [15]
are the most studied examples. Polysaccharides and proteins combina
tion, e.g., though complexation, were also explored to offer synergistic 
effects capable of providing a complex interfacial layer that enhances 
emulsion stability [16]. For example, ovotransferrin-gum Arabic [17], 
tea residue protein-xanthan gum [18] and zein-pectin [19,20] are 
among the studied combinations. While previous studies have demon
strated the successful use of protein-polysaccharide complexes and 
chemically modified polysaccharides for Pickering stabilisation 
[21–25], these approaches often require additional processing steps to 
tailor wettability, such as enzymatic treatments, complexation, or 
chemical modification [16,26]. In contrast, SD technology provides a 
simpler and more controlled method, enabling precise modulation of 
wettability, based on the fact that a hydrophobic compound is molec
ularly dispersed in a hydrophilic polymer matrix.

In a recent study by our group, k-carrageenan-curcumin SD particles 
have been successfully applied as Pickering stabilisers, resulting in 
Pickering emulsions with interesting technological properties to pro
duce food sauce analogues [27]. This study presented a novel strategy in 
which SDs demonstrated their effectiveness in modulating the wetta
bility of hydrophilic polymers, overcoming the typical limitations of 
natural counterparts that often restrict their practical application across 
various technological fields, e.g., packaging applications [28]. Expand
ing the use of these particles in Pickering emulsion production by testing 
additional natural-based SDs is highly promising, particularly in the 
food sector.

Unlike traditional methods, SD offers a more straightforward and 
efficient process for particle wettability design. SD also leads to the 
formation of particles of controlled size, potentiating their role as 
effective Pickering stabilisers and providing additional functional ben
efits derived from the introduced active compounds. Traditionally, by 
uniformly distributing a hydrophobic active compound within a hy
drophilic polymeric matrix in SDs, the crystallinity of the active ingre
dient is modified, enhancing its solubility and bioavailability [29]. From 
a complementary perspective, the dispersion of the hydrophobic com
pound into the polymeric hydrophilic matrix decreases its water 
compatibility, helping to modulate particle wettability.

This study assesses the potential of natural-based SDs as Pickering 
stabilisers, formulated using maltodextrin (MD), Arabic gum (AG), po
tato starch (PS), and pectin (PC) as hydrophilic polymers, and curcumin 
as the hydrophobic active compound that modulates wettability. For 
benchmarking purposes, polyvinylpyrrolidone (PVP) and k-carrageenan 
(KC), previously studied in earlier research [27], were used as synthetic 
and natural reference materials. After an initial screening, the most 
suitable SDs were selected for an in-depth study to optimise a Pickering 
emulsion formulation, focusing on their potential for food products. A 
design of experiments (Central Composite Rotatable Design, CCRD 22) 
was used for the optimisation. The effect of the oil volume fraction (φ) 
and the particle concentration on the Pickering emulsions’ stability, 
expressed as the creaming index (CI) and the mean droplet diameter (D 
[4,3]), was optimised. In addition, morphology was checked by optical 
microscopy and long-term stability was analysed for 30 days. The most 
promising emulsions were characterised by their stability, colour pa
rameters (L*, a* and b*), rheological properties, and confocal analysis. 
The developed emulsions can add value for applications such as dress
ings, beverages, and nutraceutical delivery systems, providing stability, 
texture, and curcumin health benefits.

2. Materials and methods

2.1. Materials

The SD particles were produced using curcumin (65 % purity) ob
tained from Sigma-Aldrich (Saint Louis, MO, USA), k-carrageenan (KC) 
from Acros Organics (Geel, Belgium), maltodextrin (MD, dextrose 
equivalent of 18) kindly donated by Cargill (Wayzata, MN, USA), Arabic 
gum (AG) from Fisher Scientific UK (Loughborough, England), pectin 
(PC, 74 % galacturonic acid) from citrus peel, from Sigma-Aldrich, and 
potato starch (PS) from Panreac Quimica S.L.U (Barcelona, Spain). 
Polyvinylpyrrolidone (PVP, molecular weight of 40,000 g/mol) was 
acquired from Sigma-Aldrich (Saint Louis, MO, USA). The emulsifier 
polysorbate 80 (Tween 80) was provided by Panreac Quimica S.L.U 
(Barcelona, Spain). Ethanol absolute (99.8 %) was purchased from 
Honeywell (Seelze, Germany). The oil used to prepare the emulsions was 
Miglyol 812, purchased from Acofarma (Barcelona, Spain). The used 
water was distilled water.

2.2. Production of curcumin-SD particles

Curcumin-SDs were prepared based on the formulations developed 
in the group’s previous work without pH adjustments [30]. Briefly, 0.4 g 
of polymer (MD, AG, PS, PC, PVP or KC) and 0.06 g of Tween 80 (15 % 
wt., polymer-basis) were dissolved in 100 mL of water, and 0.06 g of 
curcumin (15 % wt., polymer-basis) was dissolved in 50 mL of ethanol. 
The solutions were combined and sonicated (Qsonica Q500, 500 W, 
Newtown, CT, USA – 70 % amplitude, 14 kHz) for 10 minutes (30 s 
on/10 s off). Ethanol was removed via rotary evaporation (Büchi R-114, 
Flawil, Switzerland using 40 ºC and 175 mbar), and the mixture frozen at 
− 20 ºC (LG, model GSL325PVCV, Amstelveen, Netherlands) before 
freeze-drying at − 106 ºC (CoolSafe 110–4, Scanvac, Vassingerød, Lynge, 
Denmark). The obtained dry solid powder was stored in a desiccator to 
prevent moisture absorption and shielded from light until further 
characterisation. The samples were coded as C-P, where C refers to 
curcumin, and P refers to the defined polymer sigla. For example, C-PVP 
refers to the curcumin-PVP SD particles.

2.3. Characterisation of curcumin-SD particles

The produced curcumin-SD particles (C-MD, C-AG, C-PS, C-PC, C- 
PVP, and C-KC) were characterised concerning wettability. Water-in-air 
contact angles were determined using an optical contact angle device 
(OCA15 Plus, Dataphysics, Filderstadt, Germany). The SDs were dried in 
an oven at 50 ºC for 24 hours, followed by the preparation of pellets 

S.C. de Rezende et al.                                                                                                                                                                                                                          Colloids and Surfaces A: Physicochemical and Engineering Aspects 719 (2025) 137003 

2 



approximately 13 mm in diameter and 1 mm in thickness using a 15 T 
manual hydraulic press (GS15011, Specac Ltd., United Kingdom). 
Contact angle measurements were performed by depositing a 4 µL sessile 
drop of distilled water onto the pellet surface with a high-precision 
injector. The droplet was recorded for 60 seconds using a high-speed 
video camera attached to the equipment. Contact angle values were 
acquired by fitting the profile data to the Laplace-Young equation, 
automatically computed by the software One Attens. The measurements 
were performed in triplicate using independent pellets. The results were 
presented as average contact angles from 10 to 50 seconds ± standard 
deviation, with accompanying images captured 30 seconds after water 
drops were deposited onto the surface.

2.4. Pickering potential of curcumin-SD particles

To first inspect the ability of the particles to stabilise the emulsions, 
the six curcumin-SD samples (C-MD, C-AG, C-PS, C-PC, C-PVP, and C- 
KC) were used to produce Pickering emulsions according to the meth
odology described by Ghirro et al. (2022), with some modifications. In 
brief, the φ was 0.5, and a fixed concentration of particles (1.2 % wt., 
total emulsion-basis) was used. The SDs were dispersed in distilled 
water, after which the oil (Miglyol 812) was slowly added using a 
peristaltic pump at 3500 rpm (ISM596B, Ismatec SA, Opfikon, 
Switzerland) under constant stirring (500 rpm) using a stirring plate 
(RET basic IKAMAG® safety control, VWR, Radnor, PA, USA) to produce 
a pre-emulsion. This pre-emulsion was emulsified using an Ultra-Turrax 
homogeniser (Unidrive X1000 Homogenizer Drive from CAT Scientific, 
Staufen, Germany) at 13500 rpm for 7 minutes.

One week after preparation, the emulsions were inspected visually 
and by microscopy to check for signs of instability. The apparatus used 
was a Nikon Eclipse 50i microscope (Tokyo, Japan) equipped with 
Nikon Digital and NIS-Elements Documentation software. An aliquot of 
the sample was placed on a slide and gently covered with a coverslip for 
the analysis. The most promising SDs were chosen to proceed with the 
development of an optimised emulsion, for which an experimental 
design strategy was used.

2.5. Optimisation of curcumin-SD particle-based Pickering emulsions

2.5.1. Optimisation procedure
For the optimisation, a CCRD 2² with star points was employed, 

consisting of 11 experimental runs. The design included 3 replicated 
central points to assess process reproducibility and 4 axial points to 
extend the experimental range. The independent variables included φ 
(x1, v/v) particle concentration (x2, % wt.). The CI (%) and the D[4,3] 
(µm) were defined as the responses. The design and experimental matrix 
are shown in Table 1. Data were analysed, and the effects were 
considered significant when p ≤ 0.05.

The experimental results were analysed, and the response surface 
plots were generated using the Protimiza Experimental Design software 
(http://experimental-design.protimiza.com.br). Model adequacy was 
evaluated using the coefficient of determination (R2) and the analysis of 
variance (ANOVA) (F-test) (CCRD 22 at a 5 % significance level 
(p ≤ 0.05)). Tukey’s test was performed to compare the differences 
among the mean values of CI and D[4,3].

Validation tests were conducted, and the predicted values were 
compared to assess the accuracy of the experimental design model’s 
predictions. Three emulsion formulations were selected for the valida
tion tests, including optimised systems chosen based on the CCRD 22 

response results (CI and D[4,3]). The emulsions were produced in trip
licate, characterised (CI and D[4,3]), and the results are presented as 
average ± standard deviation.

2.5.2. Production and characterisation of the experimental runs
The general procedure for the emulsion preparation followed the 

description provided in Section 2.4 for Pickering potential evaluation 
with the adjusted φ and particle concentration. According to the defined 
responses, the CI and mean droplet diameter, expressed as the Brouckere 
mean diameter (D[4,3]), were determined. Morphology (optical mi
croscopy) was also evaluated, following the methodology described in 
Section 2.4. To inspect long-term stability, all characterisations were 
performed at 1, 15, and 30 days for emulsions stored at 25 ºC.

The CI was evaluated by pouring 10 mL in 20 mL clear glass vials and 
calculated using Eq. (1), in which Hs and Ht represent the serum layer 
and total emulsion height, respectively, expressed in cm. 

CI(%) =
Hs
Ht

× 100 (1) 

The D[4,3] values were determined by laser diffraction using a DLS 
Mastersizer 3000 equipped with a Hydro MV unit, Malvern Instruments 
(Worcestershire, United Kingdom). The refractive indexes used for the 
oil and water were 1.45 and 1.33, respectively. The particle absorption 
index was 0.10. Results were determined by averaging 5 consecutive 
measurements for each sample at room temperature using distilled 
water as the dispersant medium.

2.6. Colour, interfacial structure, and rheology of the optimised emulsions

The colour parameters were determined using a Konica Minolta 
Sensing Inc. CR-400 colourimeter (Sakai-ku, Japan). The measurements 
(L*, a*, and b* in CIELAB space) were conducted in triplicate, and the 
results were expressed as the average ± standard deviation. RGB colour 
was generated using a free online converter [31].

The total colour difference, represented by ΔE values, was calculated 
according to Eq. (2). 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL∗)
2
+ (Δa∗)

2
+ (Δb∗)

2
√

(2) 

Where ΔL* , Δa* , and Δb* represent the differences between the colour 
parameters of the emulsions at time 1 and times 15 and 30 days.

Confocal microscopy was employed to examine the interfacial 
structure of the Pickering emulsions. In this process, the inherent fluo
rescence of curcumin (488 nm, green fluorescence) and Nile red 
(488 nm, green fluorescence), utilised to stain the oil phase (0.1 % wt/ 
vol), was captured. The equipment used was a Leica TCS-SP5 AOBS 
(Leica Microsystems Inc., Heidelberg, Germany), recording digital im
ages and processing them using LasX software.

The rheological behaviour of the emulsions was analysed using an 
Anton Paar rheometer (Anton Paar, GmbH, Austria) fitted with a parallel 
plate, operating at 25 ◦C. The viscosity of the Pickering emulsions was 
determined as a function of the shear rate over a range from 0 to 1000 1/ 
s. The frequency sweep was conducted over a range from 0.1 to 100 rad/ 
s, with all measurements taken within the specified linear viscoelastic 
region (LVE) at a strain of 0.1 %. The data are presented in terms of the 

Table 1 
Design and experimental matrix of the Central Composite Rotatable Design 
(CCRD) for emulsions’ optimisation.

Design matrix Experimental matrix

x1 x2 Runs Oil volume 
fraction (φ)

SD particle 
concentration (% wt.)

− 1 − 1 1 0.27 1.58
1 − 1 2 0.63 1.58
− 1 1 3 0.27 4.42
1 1 4 0.63 4.42
− 1.41 0 5 0.20 3.00
1.41 0 6 0.70 3.00
0 − 1.41 7 0.45 0.99
0 1.41 8 0.45 5.01
0 0 9 0.45 3.00
0 0 10 0.45 3.00
0 0 11 0.45 3.00
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storage modulus (G’) and loss modulus (G”) as frequency functions.

3. Results and discussion

3.1. Curcumin-SD particles wettability

Particle wettability is an essential factor impacting the ability of the 
particles to act as Pickering stabilisers and to form O/W or W/O 

emulsions. It can be accessed by measuring the contact angle (θ). Hy
drophilic particles exhibit low air-in-water contact angles (θ < 90º), 
indicating they are more compatible with the aqueous phase, tending to 
form O/W emulsions. Hydrophobic particles exhibit high air-in-water 
contact angles (θ > 90º), being more compatible with the oil phase, 
resulting in W/O emulsions [6]. Fig. 1 illustrates the water-in-air contact 
angles of the produced SD particles, including the benchmarks (C-PVC 
and C-KC) and the photographic record captured 30 seconds after water 
droplets were applied to the pellet surface. The tested samples showed 
wettability values between 23 and 56.5º, suggesting a tendency to sta
bilise O/W interfaces. C-KC revealed rapid water absorption, marking it 
the most hydrophilic among the tested samples.

3.2. Evaluation of Pickering potential of curcumin-SD particles

SD particles’ Pickering potential was tested. Fig. 2 shows images of 
the produced emulsions and the corresponding morphology analysed by 
optical microscopy one week after production. Emulsions with smaller 
droplet sizes are typically associated with superior stability. Among the 
tested SD particles, C-KC gave rise to emulsions with no phase separa
tion, as expected according to previous work [27]. This was followed by 
C-PC, which produced emulsions with only slight signs of phase sepa
ration, nearly imperceptible to the naked eye. Consequently, both 
emulsions exhibited a more uniform droplet morphology with smaller 
sizes.

Based on these findings, C-PC particles were selected to produce an 
optimised emulsion using a design-of-experiments approach. This deci
sion was further motivated by pectin’s versatile role in food applica
tions. Pectin, a natural polysaccharide, is widely used in food products 
for its functionality and clean-label appeal. It is a gelling agent, 

Fig. 1. Water-in-air contact angles for curcumin-SD particles produced with 
different natural polymers (MD-maltodextrin, AG-alginate, PS-starch, PC- 
pectin, PVP-polyvinyl pyrrolidone, KC- k-carrageenan).

Fig. 2. Photographic registration and optical microscopy of the emulsions produced with different SD particles (MD-maltodextrin, AG-alginate, PS-starch, PC-pectin, 
PVP-polyvinylpyrrolidone, KC- k-carrageenan). The green-marked phase corresponds to the emulsified phase, while the red-marked represents the serum phase.
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thickener, and stabiliser in products like jams, jellies, and dairy alter
natives [32].

The superior performance of pectin in stabilising Pickering emul
sions can be attributed to its molecular structure and associated inter
facial properties. Pectin features a backbone of α-(1→4)-linked D- 
galacturonic acid units with varying degrees of methoxylation, influ
encing its amphiphilicity [33]. The presence of hydrophobic methyl 
ester groups and hydrophilic carboxyl groups facilitates adsorption at 
the oil-water interface, forming a stabilising layer that reduces coales
cence and phase separation [34]. Moreover, pectin can form viscoelastic 
networks in the continuous phase, which enhances emulsion stability 
[35].

In addition to its intrinsic emulsifying properties, pectin’s interaction 
with curcumin positively contributes to SDs stabilisation capacity. 
Pectin is known to interact with polyphenolic compounds through 
hydrogen bonding, enabling a facilitated entrapment of curcumin in SDs 
[36]. This phenomenon could promote a more structured and cohesive 
interfacial layer formed by the SDs, reinforcing the stability of the 
Pickering emulsion. These interactions may also influence the stability 
of curcumin, offering additional functional benefits [30].

Pectin has attracted significant interest in Pickering emulsions as a 
stabiliser due to its biocompatibility and ability to form stable colloidal 
systems. However, its predominantly hydrophilic nature poses diffi
culties in achieving the necessary surface wettability balance for proper 
emulsion stabilisation. Different strategies have been studied to over
come this constraint, often by complexation with other biopolymers to 
modify wettability and stabilising capacity [1]. These complexes, 
though effective, come with drawbacks like formulation complexity, 
sensitivity to pH and ionic strength, and the need for chemical or 
enzymatic cross-linking to avoid more complex chemistry, which can 
conflict with clean-label requirements [37]. In this context, the SD 
particles can offer advantages to overcome these limitations.

3.3. Development of optimised pectin-based Pickering emulsions

The particle concentration and φ are crucial parameters when opti
mising a Pickering emulsion. φ can influence droplet size, stability and 
rheological behaviour. Some studies suggest that increased φ can result 
in larger droplets due to reduced interfacial area or increased coales
cence [38]. However, other studies indicate that this might lead to the 
formation of smaller droplets, possibly due to increased viscous forces 

during homogenisation, which could promote the breakdown of larger 
droplets into smaller ones. [39]. Particle concentration is another factor 
affecting the Pickering emulsions’ stability, similar to molecular sur
factants in traditional emulsions. Droplets may coalesce at low particle 
concentration regimes, leading to larger sizes, while higher concentra
tions prevent coalescence, stabilising the emulsion [5]. Therefore, this 
work employed a design of experiments, namely a CCRD 22, to under
stand the effect of both factors on stability when the proposed novel 
pectin-based SDs are used. Stability was checked by determining CI, 
which indicates instability at the macroscopic level, and the D[4,3] 
value, which reveals early signs of instability at the microscopic level 
[40]. CI, as an indicator of destabilisation, reflects the extent of insta
bility and provides insight into emulsions’ long-term stability and 
shelf-life. Ideally, a value close to zero should be obtained. Fig. 3 pre
sents the experimental results of the runs used in the CCRD 22 experi
mental design (day 1). The corresponding optical microscopy images are 
shown in Fig. 4, with the results corroborating the observed trend for D 
[4,3]. The analysis was also conducted at 15 and 30-day intervals 
(Figures S4 and S5, Supplementary Material), showing minimal varia
tion with time.

The central points (9− 11) yielded similar results, corroborating the 
reproducibility of the experiments. CI values of zero were achieved in 
four formulations, including the central points (2, 3, 8, and 9–11), 
demonstrating the SDs’ ability to produce stable emulsions. Higher CI 
values correspond to higher D[4,3] values, as in formulations 4 and 6. 
The experimental results obtained at 15 and 30 days were comparable to 
those at day 1 (Figure S1; Supplementary Material). This condition was 
selected for the regression analysis (Table 2). The results indicated that φ 
had a significant effect on both responses (CI and D[4,3] at p ≤ 0.05), 
while particle concentration did not have a significant effect. The 
combined effect of both factors (φ and particle concentration) was sta
tistically significant, suggesting a positive influence on the final prop
erties of the emulsions.

The experimental results regarding CI and D[4,3] were analysed, and 
predictive models were developed. An ANOVA was conducted to eval
uate the significance of the factors, with p-values computed to assess the 
statistical significance of the effects. A suitable correlation was observed 
between the observed and predicted values, according to the obtained 
R2 values of 88.3 and 91.0 % for both factors. Table 3 displays the 
ANOVA results of the estimated regression models. The regression 
proved to be statistically significant (Fcalculated > Ftable), indicating its 
suitability for predictive purposes within the evaluated parameters 
range [41].

The mathematical models for CI and D[4,3] were obtained by 
considering the statistically significant factors (p ≤ 0.05). The Eqs. 3 and 
4 show the re-parameterized models for CI and D[4,3]. 

y1 (CI, %) = 3.01 + 12.33 x₁ + 22.81 x₁² + 25 x₁ x₂ (3) 

y2 (D[4, 3], μm) = 6.36 + 11.77 x₁ + 9.46 x₁² + 10.42 x₁ x₂ (4) 

The response curves assembled from the models are shown in Fig. 5, 
while Table S1 summarises the detailed predicted and experimental 
values along with the corresponding relative errors. The response curves 
for the times 15 and 30 are presented in Figures S2 and S3, confirming 
the consistency of the results over time. The intermediary φ value (0.45) 
resulted in a low CI value, regardless of the used SD particle concen
tration. However, the interdependency of both factors was observed at 
low and high φ values, leading to a reduction in CI at both high and low 
particle concentrations. The same pattern was observed for the D[4,3] 
curves, where a stronger correlation was observed when low φ values 
were combined with high SD particle concentrations, leading to 
decreased D[4,3] values. Other reported works indicate that the oil 
phase volume and particle concentration significantly influence the 
droplet size distribution [42]. This effect was also observed for formu
lation 8, where SD particle concentration was at the maximum, leading 
to the lowest D[4,3] (2.53 μm). For a fixed φ, increasing the 

Fig. 3. The visual appearance of the produced emulsions at time 1 day and the 
experimental results of the D[4,3] (μm) and creaming index (%) for the 11 runs 
defined by the Central Composite Rotatable Design 22.
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Fig. 4. Optical microscopy of the produced emulsions for the 11 runs defined by the Central Composite Rotatable Design 22.

Table 2 
Regression coefficients, standard errors, t-values, and p-values for Creaming index (CI, %) and mean particle size (D[4,3], μm) responses based on Central Composite 
Rotatable Design (CCRD 2²) results.

CI (%) D[4,3] (μm)

Factor Regression coefficient Standard error t (5) p-value Regression coefficient Standard error t (5) p-value

Mean 0.00 6.46 0.00 1.000 4.01 3.88 1.03 0.349
x1 (L) 12.23 3.96 3.09 0.027 * 11.77 2.38 4.95 0.004 *
x1 (Q) 23.75 4.71 5.04 0.004 * 10.20 2.83 3.60 0.016 *
x2 (L) 0.03 3.96 0.01 0.994 1.43 2.38 0.60 0.573
x2 (Q) 3.20 4.71 0.68 0.528 2.49 2.83 0.88 0.419
x1 ⋅ x2 25.00 5.60 4.47 0.007 * 10.42 3.36 3.10 0.027 *

(L): Linear terms; (Q): quadratic terms; *Significant factors (p ≤ 0.05); x1: Oil vo1ume fraction (φ); x2: SD particle concentration. CI (R2: 91.76 %; adjusted R2: 
91.00 %); D[4,3] (R2: 90.47 %; adjusted R2: 88.30 %).
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concentration of the particles enables the formation of smaller droplet 
sizes, as the particles can cover a larger surface area [43,44].

As can be observed in Figure S1, Formulations 3 and 8 exhibited a 
slight destabilisation, characterised by increased CI, although D[4,3] 
values remained relatively unchanged. Additionally, the central points 
(9− 11) and formulation 2 remained stable throughout the 30-day 
storage period, demonstrating the efficacy of C-PC particles in 

stabilising emulsions.
After analysing the results, particularly the surface response profiles, 

three formulations (predicted as stable) were selected to proceed with 
the model’s validation. Validation experiments were conducted to 
confirm the observed results in the response surfaces. The three for
mulations chosen to perform the validation tests, including low, me
dium, and high φ, and SD particle concentrations, are represented in 
Table 4.

Table 5 presents the predictive and experimentally obtained values 
and their respective relative errors, although not all were calculated due 
to mathematical constraints. The models generally yielded higher values 
than the experimental results for both responses (CI and D[4,3]), sug
gesting that the actual experimental conditions led to more stable 
emulsions than those predicted by the models. Overall, formulation V1 
emerged as the most robust over the storage time, presenting the lowest 
D[4,3] values.

The morphology of the optimised emulsions was analysed using 
optical microscopy (Fig. 6), supporting the experimentally obtained D 
[4,3] results. The emulsions exhibited tiny spherical droplets uniformly 

Table 3 
Analysis of Variance (ANOVA) (Percentage of the explained variance (R2), 
Fcalculated and Ftable values) for the creaming index (CI, %) and D[4,3] (μm) 
responses.

CI (%) R2 ¼ 91.0 %

Sources of variation SS df QM Fcal Ftab p-value

Regression 6911.4 3 2303.8 23.6 4.4 0.00049
Residues 683.9 7 97.7 - - -
Lack of fit 683.9 5 136.8 Infinity 19.3 NaN
Pure error 0.0 2 0.0 - - -
Total 7595.2 10 - - - -

D[4,3] (μm) R2 ¼ 88.3 %

Sources of variation SS df QM Fcal Ftab p-value

Regression 2096.2 3 698.7 17.6 4.4 0.00122
Residues 277.7 7 39.7 - - -
Lack of fit 277.6 5 55.5 2248.1 19.3 0.00044
Pure error 0.0 2 0.0 - - -
Total 2373.9 10 - - - -

SS: Sum of squares; df: degrees of freedom; QM: quadratic means; NaN: Not a 
number (an undefined or unrepresentable value). P-value ≤ 0.05.

Fig. 5. Response surfaces and contour plots for creaming index (%) (A) and D[4,3] (μm) (B) as a function of oil volume fraction (φ) and SD particle concentration 
(% wt.).

Table 4 
Formulations used to validate the Central Composite Rotatable Design (CCRD).

Runs Oil volume fraction (φ) SD particle concentration 
(% wt.)

V1 0.30 4.50
V2 0.45 3.00
V3 0.60 1.55
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distributed, particularly in the cases of V1 and V2. It was noted that the 
number of larger droplets increased after 30 days for emulsion V3, as 
confirmed by D[4,3] (8.75 μm at time 15 and 12.73 μm at time 30). 
Furthermore, the droplet arrangement varied among the formulations, 
suggesting different stabilisation mechanisms. V1, formulated with low 
φ and high SD particle concentration, and V2, with intermediate values, 
displayed a similar morphology characterised by tiny droplets trapped 

in a network-like structure. In contrast, V3 exhibited a typical emulsion 
morphology with uniformly distributed droplets.

3.4. Colour, interfacial structure and rheological properties of optimised 
emulsions

Fig. 7 illustrates the visual characteristics of the optimised emulsions 

Table 5 
Experimental versus predicted values for the model validation runs for the response variables creaming index (CI, %) and droplet size (D[4,3], µm).

Time 1

CI (%) D[4,3] (μm)

Runs Experimental Predicted Re Experimental Predicted Re

V1 0.00 ± 0.00 0.00 - 3.45 ± 0.75 0.00 -
V2 0.00 ± 0.00 3.15 - 4.45 ± 0.42 6.10 − 37.07
V3 0.00 ± 0.00 7.62 - 8.64 ± 0.27 13.62 − 57.64

Time 15

CI (%) D[4,3] (μm)

Runs Experimental Predicted Re Experimental Predicted Re

V1 0.00 ± 0.00 0.00 - 4.06 ± 0.35 0.00 -
V2 1.45 ± 2.51 6.18 − 326.21 5.17 ± 0.21 6.32 − 22.24
V3 0.00 ± 0.00 6.29 - 8.75 ± 0.34 14.81 − 69.26

Time 30

CI (%) D[4,3] (μm)

Runs Experimental Predicted Re Experimental Predicted Re

V1 0.00 ± 0.00 3.40 - 3.70 ± 0.12 0.00 -
V2 1.45 ± 2.51 11.02 − 660.00 4.67 ± 0.61 9.65 − 106.64
V3 0.00 ± 0.00 9.43 - 12.73 ± 4.07 14.91 − 17.12

Results are expressed as average ± standard deviation. Relative error, Re (%) = [((Experimental – Predicted)/Experimental) * 100)]. Some Re values were impossible 
to calculate once the experimental or predicted values were zero.

Fig. 6. Optical microscopy of the optimised formulations (V1, V2 and V3) along the 30 storage days (T1, T15 and T30).
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throughout the storage period alongside the associated colour parame
ters detailed in Table 6. The colour parameters and corresponding ΔE 
during storage were also examined for the CCRD 2² 11 runs, with results 
in Table S2 (Supplementary Material).

Based on the ΔE values, emulsion V1 consistently maintained its 
integral colour throughout the entire storage period. The other two 
formulations showed low ΔE values (lower than 6), suggesting a negli
gible colour variation over the evaluated period. Their diverse compo
sition led to various orange-yellow hues, making them suitable for 
developing food products with multiple colours.

Confocal analysis of the optimised emulsions was conducted to assess 
the SD particles’ efficacy as Pickering stabilisers, and the results are 
presented in Fig. 8. The study was performed using the natural fluo
rescence of curcumin and the oil phase stained with Nile red, both at 
488 nm, which emits green fluorescence. The images corroborated the 
optical microscopy results and the O/W nature of the emulsions, 
showing distinct droplet structures for V1 and V2 compared to V3. V1 
and V2 showed an intricate network-like structure with smaller, 
entrapped droplets, while V3 displayed the typical emulsion 
morphology with larger, uniformly dispersed droplets. These 

observations confirmed the smaller droplet sizes of V1 and V2 relative to 
V3. The natural fluorescence of curcumin-SDs within the stabilising SD 
particles was evident (images on the right), corroborating their 
adsorption at the oil/water interface and providing good coverage of the 
dispersed phase. According to reported data [45], nanonised hydro
philic curcumin, produced using a bottom-up approach through an 
antisolvent precipitation technique (amorphous form stabilised with 
protein), becomes dispersed throughout the whole emulsion (dispersed 
oil phase, continuous water phase, and interface), reducing the inter
facial tension while yielding stable O/W emulsions. In contrast, large 
curcumin crystals (lipophilic) dissolve in the oil or remain in the 
aqueous continuous phase, resulting in unstable emulsions. In this study, 
confocal analysis confirmed the successful attachment of the particles at 
the O/W interface, supported by the stability present in all samples.

The rheological properties of the optimised emulsions were analysed 
in terms of the viscosity, storage modulus (G’) and loss modulus (G”), as 
shown in Fig. 9. The emulsion V1 presented the highest viscosity values, 
followed by V3 and V2. Certain studies suggest that the viscosity in
creases as the particle concentration rises [8,46], whereas others asso
ciate this effect with increased φ [47]. This study’s findings supported 

Fig. 7. Visual appearance of the optimised formulations (V1, V2 and V3) at 1, 15 and 30 days.

Table 6 
Colour parameters of the optimised formulations (V1, V2 and V3) at 1, 15 and 30 days.

Results are expressed as average ± standard deviation.
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this complexity, with formulations V1 (high particle concentration and 
low φ) and V3 (low particle concentration and high φ) exhibiting high 
viscosities. These results evidenced the direct impact of the particle 
concentration and φ on the determined viscosity.

Fig. 9B illustrates the behaviour of Pickering emulsions regarding G’ 
and G”. G’ (storage modulus) indicates solid-like or elastic behaviour, 
whereas G” (loss modulus) reflects liquid-like or viscous behaviour. For 
emulsions V1 and V2, at low frequencies, G’ exceeds G”, indicating a 
predominantly solid-like behaviour. This observation suggests a strong 
gel-like network for these samples, consistent with the morphological 

observations. Such solid-like behaviour is advantageous for products 
like mayonnaise and salad dressings, as it helps to maintain their shape 
and stability during storage, effectively preventing phase separation 
[48,49]. However, as the frequency increases, G” surpasses G’, indi
cating a transition towards more liquid-like behaviour under higher 
deformation rates. This shear-thinning behaviour allows these emul
sions to flow smoothly and be easily manipulated when mechanical 
forces are applied (e.g. scooping or spreading), particularly when 
dispensing a product from the container [50]. Additionally, the inter
facial stabilisation provided by Pickering particles enhances the stability 

Fig. 8. Confocal microscopy images of the optimised emulsions (V1, V2 and V3) showing the fluorescence of the oil phase stained with Nile red (left column) and the 
natural fluorescence of curcumin-SD particles (right column). A zoom of 3.75X was applied to the images on the right column.
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of the emulsions, even when containing a bulk liquid-like behaviour 
under shear. In contrast, for emulsion V3, the difference between G’ and 
G” is minimal across the frequency range, with both moduli converging 
at higher frequencies. When G’ equals G”, it signifies that the sample 
exhibits ideal viscoelastic behaviour; that is, the emulsion behaves like a 
solid and a liquid simultaneously [51].

The emulsions’ structural integrity, spreadability, and stability can 
ensure desirable texture, creaminess, and ease of manipulation, meeting 
consumer expectations for a consistent, high-quality product.

4. Conclusions

This study explored the potential of curcumin-based solid dispersions 
(SDs) created with natural polymers such as pectin, maltodextrin, Arabic 
gum, potato starch, and k-carrageenan as Pickering stabilisers. Pectin- 
curcumin SDs (contact angle = 48.0 ± 3.6◦) were the most effective, 

providing a stable emulsion as confirmed by confocal microscopy. A 
design of experiments (CCRD 22) approach was used to examine how the 
formulation parameters, oil volume fraction (φ) and SD particle con
centration affected emulsion stability. Creaming index (CI) and droplet 
size (D[4,3]) were the responses used to assess the emulsions’ stability. 
The mathematical model indicated that intermediary φ values (0.45) 
consistently reduced CI values (0–16.67 %) and D[4,3] (2.53–4.12 µm), 
regardless of SD particle concentration. CI decreased to 0 % when either 
φ was low and SD concentration was high, or vice versa. This highlights 
the interdependency of these two factors in emulsion stability. Stable 
emulsions were achieved for formulations 2, 3, 8, and the central points 
(9 – 11).

Three optimised formulations were chosen to validate the mathe
matical models (V1 (φ 0.3, %SD 4.50), V2 (φ 0.45, %SD 3.00), and V3 (φ 
0.60, %SD 1.55)). In all cases, the models pointed out higher CI and D 
[4,3] values than the experimental results, indicating that more stable 

Fig. 9. Rheological properties of optimised emulsions (V1, V2 and V3): viscosity versus shear rate (A) and oscillatory frequency sweep curves, G’ storage modulus 
and G” loss modulus (B).
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emulsions are obtained in practice (CI of 0 % and D[4,3] ranging from 
3.45 to 12.73 μm). Optical microscopy corroborated their stability over 
30 days and maintenance of colour parameters (ΔE < 5). From V1 to V3, 
the colour varied from orange to yellow (L* = 64.06–72.00, a* =
− 11.09–12.50, b* = 55.10–60.70), suggesting their potential for natural 
colouring applications. In terms of rheology, V1 and V2 emulsions 
demonstrated gel-like properties at low frequencies (G’ > G”) and 
liquid-like properties at high frequencies (G’ < G”), ensuring structural 
integrity and stability for products such as mayonnaise and salad 
dressings. In contrast, emulsion V3 exhibited ideal viscoelastic behav
iour, showing a balance between solid and liquid characteristics across a 
broad frequency range.

This study highlights the potential of pectin-curcumin SDs in 
formulating stable, high-quality emulsions with desirable colour, 
texture, and stability. The findings provide valuable insights for 
designing emulsion-based products with tailored properties, offering an 
innovative approach to natural food product development.
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