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A B S T R A C T

We evaluated the chemical and physical stabilities of lutein-delivery nanoemulsions and the effects of lutein 
esterification and oil phase composition. Oil-in-water nanoemulsions were formulated with free (LU) or esterified 
(LE) lutein, using soybean (S) or pumpkin seed (PS) oil, resulting in SLU, SLE, PSLU, and PSLE. Samples un
derwent physicochemical characterization and were stored under thermal (45 ◦C or 4 ◦C for 15 days) or UV-C 
light exposure (240 min). LU nanoemulsions showed greater chemical stability at 45 ◦C and under UV-C light 
than those with LE. LU nanoemulsions presented better stability at high temperature and under UV light 
compared to LE counterparts, particularly in S. At 4 ◦C, LE demonstrated improved stability in PS. PS-based 
nanoemulsions conferred enhanced protection, likely due to their antioxidant content. These findings chal
lenge the common assumption that esterified carotenoids are inherently more stable and highlight the role of oil 
composition in carotenoid delivery systems.

1. Introduction

Lutein is a xanthophyll widely distributed in nature, recognized for 
its intense yellow-orange colour and potent antioxidant properties. Its 
consumption has been associated with beneficial effects on visual 
health, cognitive function, and the prevention of oxidative stress, which 
has promoted its incorporation into functional foods, supplements, and 
pharmaceutical products (Johnson, 2014; Miranda-Dominguez et al., 
2022; Ranard et al., 2017; Zhang et al., 2024). However, its poly
unsaturated structure and lipophilic character make it vulnerable to 
degradation by environmental factors such as light, oxygen, and heat, 
compromising its stability during processing and storage, and negatively 
affecting its bioavailability (Davidov-Pardo et al., 2016; Subagio et al., 
1999).

To address these challenges, oil-in-water (O/W) nanoemulsion sys
tems have been developed to encapsulate lipophilic compounds such as 
lutein, improve their dispersion in aqueous media, enhance protection 
against degradation, and potentially increase absorption (Qv et al., 
2011; Teeranachaideekul et al., 2022; Weigel et al., 2018). 

Nevertheless, the effectiveness of these nanoemulsions depends on fac
tors such as the type of oil and the chemical form of the encapsulated 
compound, making it essential to ensure their physical and chemical 
stability under different environmental conditions, such as light and 
temperature, for their application in the food and pharmaceutical in
dustries (Qv et al., 2011; Teeranachaideekul et al., 2022; Weigel et al., 
2018).

A critical factor influencing the stability and bioavailability of lutein 
is its chemical form. Various studies have shown that carotenoid esters, 
such as lutein diesters, exhibit greater resistance to thermal and 
photooxidative degradation compared to their free or monoesterified 
counterparts (Khachik & Beecher, 1988; Subagio et al., 1999; Yang 
et al., 2015). This enhanced stability may be attributed to the increased 
lipophilicity of esters, which facilitates their integration into cell 
membranes or the lipid matrix of the system, providing better protection 
against isomerization, oxidation, or cleavage (Mercadante et al., 2017; 
Subagio & Morita, 2003; Mínguez-Mosquera and Hornero-Méndez, 
1994). Nonetheless, contradictory reports to the notion that esterifica
tion enhances the stability of carotenoids are also found. For instance, 
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there are reports showing lower thermal stability of carotenoid esters, as 
observed in paprika oleoresins (Capsicum annuum L.) (Pérez-Gálvez & 
Mínguez-Mosquera, 2002) or pepper hybrids (Hetényi (Capsicum fru
tescens), Unikal (C. annuum) and & Unijol (C. annuum X C. chinense) 
subjected to various thermal drying protocols, where esterified xan
thophylls degraded to a greater extent than their free forms (Se Souza 
et al., 2022). These discrepancies may be due to the matrix, the type of 
carotenoid, the fatty acid profile involved in esterification, or specific 
processing conditions.

Additionally, although progress has been made in assessing the sta
bility of lutein in nano-structured systems, most studies have focused on 
a single chemical form (usually the free form) under mild stress condi
tions. Wang et al. (2023) evaluated medium-chain triglyceride (MCT) 
oil nanoemulsions containing free lutein under thermal stress, although 
the maximum temperature tested was only 37 ◦C and no comparison was 
made with its esterified form. Similarly, Varma et al. (2021) studied 
liposomal systems loaded with free lutein under moderate thermal 
conditions, with a maximum temperature of 30 ◦C. Taking a broader 
approach, Zhang et al. (2025) investigated nanoparticles incorporating 
only the free form of lutein under thermal and photooxidative stress. On 
the other hand, although Gombǎc et al. (2021) compared emulsions 
containing free and esterified lutein, their study was limited to storage at 
25 ◦C, without evaluating higher temperatures or UV radiation expo
sure. This highlights a significant gap in the literature: the lack of 
comparative studies assessing the simultaneous behavior of free and 
esterified lutein under combined thermal and photooxidative stress in 
nanoemulsion systems, limiting our understanding of their functional 
and commercial performance.

In general, most comparative studies have focused on a single stress 
condition, usually heat. Although esterification is generally believed to 
enhance the stability of carotenoids, some studies have shown that free 
lutein may exhibit greater resilience under certain conditions. Very few 
studies have systematically compared both forms of lutein under dual 
stress conditions (temperature and UV radiation) using standardized and 
controlled delivery systems. Moreover, the lipid phase of nano
emulsions, which significantly influences their stability against light and 
oxidation, remains an underexplored aspect. In particular, oils such as 
pumpkin seed oil (PSO), which is rich in tocopherols and phenolic an
tioxidants, may offer additional protection; however, its use in 
carotenoid-based nanoemulsions remains limited.

Therefore, this study addresses a critical gap in the literature by 
evaluating the combined effect of the chemical structure of lutein (free 
vs. dipalmitate ester) and the composition of the lipid phase (soybean oil 
vs. pumpkin seed oil) on the photostability and thermal stability of 
lutein-loaded nanoemulsions. The nanoemulsions were designed as 
simplified and chemically defined models, allowing the isolation of 
formulation effects and the accurate comparison of degradation profiles 
under controlled thermal (4 ◦C vs. 45 ◦C) and ultraviolet (UVC) light 
conditions. To the best of our knowledge, this is the first study to sys
tematically evaluate the influence of carotenoid esterification and oil 
phase composition on the chemical and physical stability of lutein-based 
nanoemulsions under dual environmental stress, combining kinetic 
degradation modelling with multivariate analysis. These systems, 
composed of food- and pharmaceutical-grade ingredients, reflect 
formulation strategies applied in the industrial development of final 
products, ingredients, and excipients designed to disperse, stabilize, or 
enhance the bioavailability of carotenoids and other lipophilic com
pounds. Thus, they serve as representative models for investigating 
stability parameters with practical relevance. New insights into how to 
optimize lutein-based delivery systems to improve their stability will 
support their effective incorporation into functional foods, beverages, 
dietary supplements, and aqueous pharmaceutical formulations, 
considering their health-promoting properties.

2. Material and methods

2.1. Chemicals and material

(All-E)-lutein standard (95 % purity, HPLC), palmitic acid (hex
adecanoic acid, 16:0), N,N′-dicyclohexylcarbodiimide (DCC), 4-dime
thylaminopyridine (99 %, DMAP) and Tween 20 were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Two food-grade carrier oils were 
used as sources of long-chain triacylglycerides to prepare nano
emulsions. Soybean oil (Liza®, São Paulo, SP, Brazil) was purchased 
from a local supermarket (Brasília, DF, Brazil), whereas unrefined 
pumpkin seed oil was extracted from Cucurbita maxima seeds provided 
by Embrapa Hortaliças (Brasília, DF, Brazil) according to the procedure 
described by Lozada et al. (2021). The oxidative status and physico
chemical characteristics of PSO are presented in this previous publica
tion. Marigold flowers (Tagetes spp.) purchased from a local producer 
were cultivated and harvested in Brasília, DF, Brazil, in 2020. HPLC- 
grade methanol and methyl tert-butyl ether (MTBE) were purchased 
from J.T. Baker (Phillipsburg, NJ, USA) and other analytical-grade sol
vents were obtained from Sigma-Aldrich (St. Louis, MO, USA). Samples 
and solvents were filtered, respectively, through Millipore membranes 
of 0.22 and 0.45 μm before HPLC analysis.

2.2. Extraction of lutein from marigold

Petals were manually removed from the marigold flowers, stored at 
− 80 ◦C, and lyophilised (Beta 2–8 LDPlus, Martin Christ Gefrier
trocknungsanlagen GmbH, Osterode am Harz-NI, Germany) for 24 h. 
Ground freeze-dried petals were subjected to the extraction with acetone 
that included partition (diethyl ether:petroleum ether, 1:1 (v/v)) and 
saponification (10 % (w/v) KOH in methanol, 16 h) steps, the latter also 
followed by washing (diethyl ether:petroleum ether, 2:1 (v/v)). The 
saponification step served as a purification stage by removing inter
fering compounds from the crude extract, such as triacylglycerols, 
chlorophyll derivatives, and other saponifiable lipids. This procedure to 
obtain the saponified extract containing primarily (all-E)-lutein in its 
free form was carried out as described by Rodrigues et al. (2019). The 
extract was concentrated in a rotary evaporator (Rotavapor® R II, Buchi, 
Valinhos-SP, Brazil; T < 30 ◦C), dried under N2 stream, and stored at 
− 80 ◦C until the chromatographic analysis, esterification reaction, or 
nanoemulsion preparation, described in Sections 2.5, 2.3 and 2.6, 
respectively.

2.3. Organic semi-synthesis of a lutein diester

The esterification reaction was conducted according to a methodol
ogy adapted from Tsao et al. (1995) and Young et al. (2007). Briefly, free 
lutein (added as the free lutein-rich extract obtained from marigold) 
solubilised in dry methylene chloride, and palmitic acid were mixed in 
the proportion of one to three moles in a round-bottom flask, under 
constant agitation at room temperature, protected from light and under 
an N2 steam. In this reaction tube, 1,3-dicyclocarbodiimide (DCC) and 
4-(dimethylamino)pyridine (DMAP) were added as a condenser and a 
catalyst, respectively. After 24 h, the mixture was dried on a rotary 
evaporator and redissolved in 48 mL of a mixture of acetoni
trile/tert-butyl ether (1:1, v/v). The undissolved material was separated 
by centrifugation (4000 rpm, 5 min - Hettich Zentrifugen, Mikro 220R, 
Germany) and the supernatant containing esterified lutein collected, 
dried under N2 and stored at − 80 ◦C until spectrophotometric and 
chromatographic analyses.

2.4. Total lutein quantification by UV–visible (UV–vis) 
spectrophotometry

The total content of lutein in petal extracts, reaction products, and oil 
phases used to calculate emulsion formulation was estimated by spec
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trophotometry (Agilent 8453 Spectrophotometer, SC, USA). Whereas 
the lutein content is typically determined by using the specific extinction 
coefficient of lutein in ethanol (E1%

1cm = 2550) (Davies, 1976), this solvent 
does not dissolve adequately carotenoid esters and oils. In this case, 
petroleum ether was used and the extinction coefficient of lutein in this 
solvent was estimated from that of α-carotene, which possesses the same 
chromophore of lutein, according to Eq. 1 (Davies, 1976). 

E1%
1cm (A) = E1%

1cm (B) ×
mol.wt (B)
mol.wt (A)

(1) 

Where E1%
1cm (A) is the coefficient to be determined, E1%

1cm (B) is the co
efficient of α-carotene in petroleum ether (2800 - Davies, 1976), mol.
wt (B) is the α-carotene molecular weight and mol.wt (A) is the lutein 
molecular weight.

Then, the scan UV–Vis absorption spectrum (300–600 nm) of each 
lutein-rich solution in petroleum ether was recorded using a diode array 
spectrophotometer and the total carotenoid content expressed as lutein 
(μg/mL) was estimated following the Lambert-Beer equation (Eq. 2). 

[Total lutein]μg
/

mL =
A × 104

E1%
1cm

×V ×DF (2) 

where A, E1%
1cm, V and DF refer, respectively, to the absorbance measured 

at the maximum wavelength, absorption coefficient of lutein calculated 
for petroleum ether, solvent volume, and dilution factor.

2.5. Carotenoid analyses by HPLC-DAD-MS

The saponified extract of carotenoids from marigold petals and the 
product of the semi-synthesis reaction were analysed in a Shimadzu 
high-performance liquid chromatograph (HPLC) equipped with a qua
ternary pump (LC-20 CE), online degasser (DGU-20A5), autosampler 
(SIL-20 AC) and a diode array detector (DAD, SPD-M20A). The equip
ment was connected in series to a mass spectrometer containing a single 
quadrupole analyser and an atmospheric pressure chemical ionisation 
(APCI) source operating in positive mode (LCMS2020, Shimadzu - 
Kyoto, Japan). Carotenoids were separated on a C30 YMC column (5 mm, 
250 × 4.6 mm i.d.) (Waters, MA, USA) kept at 35 ◦C, using the chro
matographic conditions described for carotenoid ester analysis by 
Rodrigues et al. (2016). For comparison purposes, all the extracts were 
injected in the same conditions, at concentrations around 10 μg/mL. 
UV–Vis spectra were acquired between 280 and 700 nm, and chro
matograms were processed at 445 nm. MS parameters were those 
described by Murador et al. (2019), with full MS spectra being acquired 
in the range of 200 to 1200 m/z.

Lutein and lutein esters were identified considering the chromato
graphic data (retention time and elution order on C30 phase), charac
teristics of the UV–Vis spectra (free and esterified forms of a xanthophyll 
share the same maximum absorption wavelength (λ max) and vibra
tional fine structure (% III/II)), and mass spectra features (protonated 
molecule [M + H]+ and in-source fragments), as well as the co- 
chromatography with (all-E)-lutein standard and the comparison with 
literature data (Breithaupt et al., 2002; Rodrigues et al., 2016; Rodrigues 
et al., 2019). Quantification was performed using external analytical 
curves of commercial standard of (all-E)-lutein (1.5–46.2 μg/mL), and 
(all-E)-lutein dipalmitate (0.1–16.6 μg/mL) obtained via semi-synthesis.

2.6. Formulation of nanoemulsions

Four nanoemulsion formulations were prepared by combining each 
chemical form of lutein with one of two carrier oils. Free lutein, as the 
dried saponified extract of marigold, and lutein ester, as the dried 
esterification product, were each dissolved in HPLC-grade ethyl acetate 
using an ultrasonic bath to enhance dissolution. The resulting solutions 
were then separately incorporated into either soybean oil (SO) or 

pumpkin seed oil (PSO), yielding four distinct oil phases: free lutein in 
SO, lutein ester in SO, free lutein in PSO, and lutein ester in PSO. The 
organic solvent was removed under vacuum until the starting volume of 
oil was reached and no odour of solvent was perceived. The carotenoid 
concentration, estimated by UV–Vis (Section 2.3), was calculated to be 
1 mg lutein/g oil, or 20 μg lutein/mL emulsion.

Regardless of the formulation, the aqueous phase was composed of 
ultrapure water containing 1 % (w/w) of surfactant Tween 20. A coarse 
oil-in-water (O/W) emulsion was prepared by mixing the oil phase (2 %, 
w/v) with the aqueous phase (98 %, v/v) using a high-speed mixer 
(Turrax M133/1281–0, Biospec Products Inc., Bartlesville-OK, USA) for 
2 min at 8000 rpm. The resulting emulsion was immediately loaded into 
a high-pressure microfluidizer (Microfluidics 110S, Newton, MA, USA) 
for four cycles at 13.980 psi (Luo et al., 2017). According to the oil phase 
constitution and lutein form, four nanoemulsions were obtained: soy
bean oil with free lutein (SLU), soybean oil with lutein ester (SLE), 
pumpkin seed oil with free lutein (PSLU), and pumpkin seed oil with 
lutein ester (PSLE). Aliquots of each sample were taken for character
ization analyses, and the remaining volume was subject to stability as
says. The choice of oils was guided by both scientific relevance and 
research goals: soybean oil, widely used and well-documented for 
nanoemulsion studies, served as a reference carrier, while pumpkin seed 
oil was selected for its functional lipid profile and in alignment with 
ongoing research into the valorisation of Cucurbita spp. seed oils for 
nutraceutical applications (Lozada et al., 2021).

2.7. Nanoemulsion characterization

2.7.1. Physical aspects
Nanoemulsions were characterized in terms of their mean droplet 

size (hydrodynamic diameter), polydispersity index (PDI), and particle 
charge (ζ-potential). Droplet size and PDI were determined by dynamic 
light scattering, while ζ-potential was assessed via electrophoretic 
mobility, all using a Zetasizer (ZEN3690, Malvern Instruments, Malvern, 
UK). To minimize multiple scattering effects, samples were diluted 
(1:100, v/v) in purified water before measurement. Moreover, creaming 
(gravitational phase separation) eventually formed by physical insta
bility was visually monitored (McClements, 2007).

2.7.2. Chemical aspects
The colour of the nanoemulsions was assessed using a HunterLab 

colourimeter (Hunter Colour Quest XE, VA, USA). Aliquots (6 mL) of 
each nanoemulsion were transferred to a quartz cuvette, and colour 
measurements were performed using illuminant D65, observer angle 
10◦, against a black background. The colour values L* (lightness, white 
to black), a* (red-green axis), and b* (yellow-blue axis) were recorded in 
the CIELAB colour space. Subsequently, the hue angle (h), and chroma 
or colour saturation (C*) were calculated from these chromaticity co
ordinates according to Eqs. 3 and 4, respectively: 

h = tan− 1
(

b*

a*

)

(3) 

C* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(a*)
2
+ (b*)

2
√

(4) 

Another relative value, colour difference (ΔE), was calculated from 
these coordinates to express perceptible colour changes between two 
time points during the stability assay (Section 2.8.1), as follows: 

ΔE*
ab =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L*

2 − L*
1
)2

+ (a*
2 − a*

1)
2
+
(
b*

2 − b*
1
)2

√

(5) 

Additionally, the carotenoid composition of each nanoemulsion 
formulation, with emphasis on lutein forms and content, was assessed by 
HPLC-DAD-MS. For that, carotenoids were extracted following the 
method of Xavier et al. (2012), with modifications. Briefly, 8 mL of 
tetrahydrofuran were added to 2 mL of each emulsion, and the mixture 
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was vortexed for a few seconds. Carotenoids were then partitioned into 
diethyl ether:petroleum ether mixture (2:1, v/v), and the resulting 
ethereal extract was concentrated in a rotary evaporator, dried under N2 
flux and stored at − 80 ◦C until chromatographic analysis, as described in 
Section 2.5.

2.8. Stability study

After production, each nanoemulsion formulation was aliquoted for 
chemical and physical characterization (Section 2.7), and these initial 
measurements were considered as time zero for the stability experi
ments. The remaining volume was then divided into four parts: two 
portions comprising approximately 1000 mL were immediately allo
cated for the thermal stability tests, the third portion was stored at 
refrigeration temperature (4 ± 1 ◦C) until the photostability assay, while 
the remaining portion was distributed in triplicate into multiple and 
previously labelled tubes for creaming evaluations.

2.8.1. Thermostability
One portion of each nanoemulsion stored in a glass flask wrapped in 

aluminium foil was kept at 45 ± 1 ◦C in a Biological Oxygen Demand 
(BOD) chamber (model EL202/4, Eletrolab, São Paulo, Brazil). The 
second portion was stored at 4 ± 1 ◦C, also protected from light, in a 
frost-free refrigerator (model RFCT 451, BSH Continental©, São Paulo, 
Brazil). Aliquots of the nanoemulsions were collected every three days 
over a 15-day period under both storage conditions to assess physical 
(mean droplet size, PDI, ζ-potential, and creaming) and chemical 
(carotenoid composition and colour) parameters, according to the 
methods described in Section 2.7. To monitor creaming, transparent test 
tubes containing each emulsion, stored in the dark under the two tem
perature conditions, were taken at each time point for visual observation 
and measurement of phase separation, if any (McClements, 2007).

2.8.2. Photostability
An aliquot of each nanoemulsion was transferred to transparent, 

labelled test tubes that were sealed and exposed in the horizontal po
sition to ultraviolet (UV) radiation (30 W UV lamp, Philips, F30T8GL) 
inside a mirror chamber. The total experiment lasted 4 h, with the tubes 
corresponding to the triplicate of each sample were removed from the 
chamber at predetermined intervals (0, 30, 60, 120, and 240 min) for 
analyses of droplet size, PDI, ζ-potential and carotenoid composition. 
Control samples prepared by wrapping the test tubes in foil to protect 
them from light, were simultaneously exposed to the UV radiation, and 
removed for analyses at the same intervals as the exposed samples. The 
distance between the lamp and the test tubes (150 mm) was the same for 
all samples.

2.8.3. Kinetic modelling
The first-order kinetic model was adjusted to the data of the thermal 

degradation and photostability of the carotenoids (Eq. 6). Knowing the 
reaction rate constant (k), it was possible to calculate the half-life 

(
t1
2

)
of 

each nanoemulsion at different storage temperatures (Eq. 7). 

ln(Ct ) = ln(C0) − kt (6) 

t1
2
t =

ln2
k

(7) 

where, C0 and Ct refer to the carotenoid concentration (μg/mL) at zero 
time (initial) and t time, respectively, and k refers to the reaction rate 
constant.

2.9. Statistical analysis

One batch was prepared for each of the four nanoemulsion formu
lations. Each batch was then readily divided into three independent 

experimental units. For each of these units, the analyses were performed 
in triplicate, and the results are expressed as mean ± standard deviation. 
Differences among treatments were determined using a three-way 
analysis of variance (ANOVA) to determine the interaction between 
the type of nanoemulsion, time, and temperature/exposure to light. In 
addition, a one-factor ANOVA was performed within each nano
emulsion, followed by Tukey’s post-hoc test with a 95 % confidence 
level. Statistical analyses were performed using the StatPlus v.5 software 
(AnalystSoft Inc., Canada). The regression and graphic construction 
analyses were performed with the GraphPad Prism 8.3.1 software, and 
chromatograms were built using Origin 8.5.

To evaluate the influence of temperature and UV light exposure on 
the physicochemical stability of lutein-rich nanoemulsions, Multiple 
Factor Analysis (MFA) was chosen due to its suitability for simulta
neously analysing multiple data sets measured on the same observa
tions, allowing investigation of interrelationships among experimental 
conditions and stability parameters. MFA integrates various groups of 
related variables into a unified statistical framework, facilitating a 
comprehensive understanding of the factors influencing nanoemulsion 
stability.

Two separate MFAs were performed to evaluate the stability under 
different conditions. The first MFA assessed the impact of UV light 
exposure, including active quantitative variables such as carotenoid 
content, hydrodynamic diameter (DH), polydispersity index (PDI), and 
zeta potential (ZP). Supplementary categorical variables included oil 
type (pumpkin seed oil, PSO; soybean oil, SO) and lutein chemical form 
(free or esterified). Time was considered a supplementary quantitative 
variable to aid interpretation without affecting the primary factor 
structure.

The second MFA evaluated the effect of storage temperature, 
encompassing active quantitative variables such as carotenoid content, 
DH, PDI, ZP, and colour parameters (lightness (L*), chroma (C*), hue 
angle (h), and colour difference (DE)). Supplementary categorical var
iables included storage temperature (4 ◦C or 45 ◦C), oil type (PSO or SO), 
and lutein chemical form (free or esterified). Similarly, storage time was 
treated as a supplementary quantitative variable.

Both MFAs involved constructing a concatenated matrix of the active 
variables, with each dataset weighted by the inverse of its first eigen
value to ensure balanced contribution. Analyses were performed using 
XLSTAT 2017.2 software (Addinsoft, France), and results were inter
preted through the distribution of factor scores and relative contribu
tions of variables to each explanatory dimension.

3. Results and discussion

3.1. Organic semi-synthesis of a lutein ester

Lutein naturally occurs in marigold flowers predominantly in its 
esterified form. In the saponified extract obtained from marigold petals, 
(all-E)-lutein accounted for approximately 90 % of the total carotenoids 
(Fig. 2A). This lutein-rich extract was subjected to an acylation reaction 
with an excess of saturated long-chain fatty acid (palmitic acid, 16:0) by 
using an adapted procedure. The selection of palmitic acid was based on 
its natural abundance, analytical availability, and its relevance in native 
lutein esters from marigold petals, enabling the synthesis of diesters 
with physicochemical properties comparable to those naturally occur
ring (Rodrigues et al., 2016; Rodrigues et al., 2019). This straightfor
ward process successfully yielded (all-E)-lutein dipalmitate in a purity 
level considered satisfactory for testing the hypothesis (75 %, Fig. 2B). 
No detectable formation of monoester isomers was observed. Additional 
steps of purification such as open column chromatography or crystal
lisation that could further improve the compound purity were not car
ried out in the present work. (See Fig. 1.)

In the mass spectrum, (all-E)-lutein exhibited a prominent in-source 
fragment ion [M + H-18]+ at m/z 551, which was more intense than the 
protonated molecule [M + H]+ detected at m/z 569. This fragmentation 
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pattern is characteristic of this xanthophyll since the loss of the hydroxyl 
group in allylic position to the double bond in the ε-ring is favoured. The 
peak eluting at approximately 10 min also showed maximum absorption 
wavelengths (λmax) at 418, 445 and 471 nm, and a III/II of 58 %, 
consistent with the available standard and literature data (Britton et al., 
2004; Rodrigues et al., 2016). As expected, the more nonpolar lutein 
diester eluted late on the reversed-phase C30 and displayed similar 
UV–Vis characteristics to those of free lutein. The detection of the in- 
source fragment ion [M + H-256]+ at m/z 789 corroborated the peak 
assignment as (all-E)-lutein dipalmitate, corresponding to the facilitated 
loss of one palmitic acid moieties at 3′- position (Breithaupt et al., 2002; 
Rodrigues et al., 2016).

3.2. Characterization of nanoemulsions

The initial concentrations of lutein (either in free or esterified form, 
as appropriate for each formulation) determined by HPLC-DAD were 

12.48 ± 0.55, 10.33 ± 0.44, 10.81 ± 0.05, and 9.54 ± 0.57 μg of lutein 
species per mL of nanoemulsion for PSLU, PSLE, SLU, and SLE, respec
tively (Fig. 3A and B). Since the initial lutein content can influence the 
stability, it is important to note that lutein content in nanoemulsions is 
within the same magnitude (Subagio et al., 1999). These actual con
centrations were slightly lower than initially planned during pre- 
formulation, which might have resulted from physical losses during 
the nanoemulsion preparation process, and to the expected inherent 
differences between the UV–Vis spectrophotometry method used for 
lutein quantitation. UV–Vis spectrophotometry was used only for pre
liminary estimations of total lutein content in the extracts and oil phases, 
with the aim of guiding the development of the formulations. This 
method was not used for lutein quantification during nanoemulsion 
characterization, nor during the stability study. After the nanoemulsions 
were prepared, all quantitative analyses of lutein content during all over 
the experiment duration, from the beginning (zero time) to the end (final 
time) of the study, were carried out exclusively using HPLC-DAD, a more 

Fig. 2. Chromatograms, obtained by HPLC-DAD, of A. saponified extract of carotenoids from Tagetes spp., highlighting the peak of (all-E)-lutein at 10 min and B. the 
product of esterification reaction, highlighting the peak of (all-E)-lutein dipalmitate at 46 min. Chromatograms were processed at 445 nm.
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specific and accurate method. HPLC-DAD enabled the separation and 
individual quantification of compounds (free lutein and lutein dipal
mitate), taking into account the composition of the mobile phase and 
using specific calibration curves for each analyte, as well as the purity of 
each standard in the calculations. Furthermore, for this study, it was 
essential to monitor the different lutein species separately throughout 
the stability assays. Minor chromatographic peaks corresponding to (Z)- 
lutein and (all-E)/(Z)-zeaxanthin isomers, in their free or esterified 
forms, were not included in this quantitation, so only the two markers 

(all-E)-lutein and (all-E)-lutein dipalmitate were monitored.
Initial colour assessment showed a* values close to neutral, at − 0.34, 

− 1.08, 0.03, and − 1.83 for PSLU, PSLE, SLU and SLE, respectively 
(Fig. 4A and F). The b* values, on the other hand, ranged between 44.81 
and 45.52, indicating a clear yellow tendency (Fig. 4B and G). With 
positive L* values between 59.52 and 61.78, the calculated hue angles 
(h) ranged from 89.96◦ and 92.31◦ among all the formulations, char
acteristic of yellow hues (Fig. 4C, E, H and J). Colour saturation (C*) 
values were slightly below 50 in all samples (Fig. 4D and I). Thus, 

Fig. 1. Esterification products of (all-E)-lutein with palmitic acid. In lutein molecule, the hydroxyl groups at the 3- and 3′-positions on terminal β- and ε-rings, 
respectively, are highlighted.

Fig. 3. Lutein content (μg/mL) in the four nanoemulsion formulations (PSLU ●, PSLE ■, SLU ▴, and SLE ▾) prepared with pumpkin seed (PS) or soybean (S) oils, 
containing either free lutein (LU) or lutein ester (LE), over the analysis period. To assess the effect of temperature, nanoemulsions were stored for 15 days at 4 ◦C (A) 
or 45 ◦C (B), with aliquots analysed every 3 days. To evaluate the impact of light, nanoemulsions were either protected (C, control) or exposed (D) to ultraviolet light 
for 240 min, with aliquots collected at four time points.
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Fig. 4. Colour of nanoemulsion formulations (PSLU ●, PSLE ■, SLU ▴, and SLE ▾) prepared with pumpkin seed (PS) or soybean (S) oils, containing either free lutein 
(LU) or lutein ester (LE), over the analysis period. The colour coordinates and values in the CIELab space a* (redness), b* (yellowing), L* (lightness), C (chroma), and 
h (hue angle) were assessed each 3 days over a period 15 days of storage at 4 ◦C (A, B, C, D and E, respectively) or 45 ◦C (F, G, H, I and J, respectively).

Fig. 5. Physical aspects of the four nanoemulsion formulations (PSLU ●, PSLE ■, SLU ▴, and SLE ▾) prepared with pumpkin seed (PS) or soybean (S) oils, containing 
either free lutein (LU) or lutein ester (LE), over the analysis period. Nanoemulsions were stored for 15 days at 4 ◦C (A, C and E) and 45 ◦C (B, D and F).
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regardless of the oil type or lutein form, the freshly prepared nano
emulsions exhibited a consistent yellowish appearance with minimal 
differences among formulations. This is consistent with the presence of 
lutein in all samples at similar levels. Although unrefined PSO contains 
chlorophyll derivatives and other carotenoids contributing to its 
inherent colour (Lozada et al., 2021), its final concentration in the 
nanoemulsion was only 2 %, with findings indicating minimal influence 
on overall colour.

Initial physical characterization showed an average droplet size 
below 200 nm, ranging from 177 nm in SLU to 188 nm in PSLE, with a 
PDI of approximately 0.14, indicating monodisperse systems (Fig. 5A, B, 
C and D). The ζ-potential was − 33.7, − 30.2, − 24.5, and − 25.1 mV for 
PSLE, PSLU, SLE, and SLU, respectively (Fig. 5E and F). The PSO-based 
nanoemulsions exhibited slightly higher negative surface charges 
compared to the SO-based formulations, which may contribute to 
enhanced electrokinetic stability, as suggested by Teo et al. (2015). 
ζ-potential values around or below − 30 mV are generally associated 
with good colloidal stability due to strong electrostatic repulsion be
tween droplets (Teo et al., 2015).

Since the photostability experiments were conducted at a later stage 

than the thermostability assay, a new characterization of the nano
emulsions was performed immediately prior to these experiments to 
ensure accurate baseline (time-zero) measurements before the UV 
exposure conditions. Therefore, the characterization presented above 
will be considered the baseline for the thermostability assay. For the 
photostability assay, the initial lutein concentrations were 11.75 ± 0.28, 
9.66 ± 0.89, 11.54 ± 0.41, and 7.12 ± 0.25 μg/mL for PSLU, PSLE, SLU, 
and SLE, respectively (Fig. 3C and D), similar or slightly lower than 
those aforementioned.

Colour was not instrumentally measured in this case due to the small 
volume of the irradiated sample in each tube. The droplet size remained 
below 187 nm, with a maximum PDI of 0.18, indicating monodisperse 
systems (Fig. 6A and C). ζ-potential values were − 33.43, − 34.07, 
− 14.17, and − 23.13 mV for PSLU, PSLE, SLU, and SLE, respectively, 
showing a more pronounced difference in particle charge between PSO- 
and SO-based nanoemulsions compared to the initial characterization 
for thermostability (Fig. 6E). Values ≥ − 30 mV are associated with 
improved long-term stability (Teo et al., 2015). No phase separation was 
visually noticed in any of the nanoemulsions at the start of both the 
experiments, consistent with their small droplet sizes and low PDI 

Fig. 6. Physical characterization of the four nanoemulsion formulations (PSLU ●, PSLE ■, SLU ▴, and SLE ▾) prepared with pumpkin seed (PS) or soybean (S) oils, 
containing either free lutein (LU) or lutein ester (LE), over the analysis period. Nanoemulsions protected (control, A, C and E) or exposed to ultraviolet light for 240 
min (B, D and F).
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values.

3.3. Impact of temperature on the chemical and physical stabilities of 
nanoemulsions

3.3.1. Degradation of free lutein and lutein ester from nanoemulsions
As shown in Fig. 3A and B, temperature significantly influenced the 

degradation of lutein in all nanoemulsions (p < 0.05). For SLU, lutein 
content remained relatively stable under refrigeration (4 ◦C) over the 
15-day period. However, storage at 45 ◦C resulted in a sharp decline, 
with a final quantity of 5.44 μg/mL after 15 days, approximately 50 % of 
the initial amount. In the SLE formulation, lutein ester content remained 
stable until day nine at 4 ◦C, followed by a significant 23 % reduction by 
day 12 (p < 0.05). At 45 ◦C, degradation was markedly more pro
nounced, with a 72 % reduction within the first three days, culminating 
in a near complete loss (99 % reduction) by day 15, indicating the 
sensitivity of this formulation to mild-heat temperatures. Similarly, 
lutein ester was impacted by the temperature in the nanoemulsion 
prepared with pumpkin seed oil (PSLE) with a reduction of 98 % in its 
content at 45 ◦C by day 15 of storage, although stability was maintained 
under refrigeration. For PSLU, lutein content was also stable at 4 ◦C and 
showed only a 24 % decrease at 45 ◦C by day three, after which it 
remained relatively unchanged. Overall storage at 4 ◦C effectively 
delayed lutein degradation, both in its free and esterified forms, 
regardless of the oil phase composition. Chromatograms showing these 
lutein forms in nanoemulsions at zero and final times can be seen in 
Fig. S1. These results are consistent with previous studies, including 
those by Davidov-Pardo et al. (2016), and reinforce the established 
understanding that carotenoid degradation is accelerated by higher 
temperatures.

Kinetic modelling of lutein degradation in nanoemulsions under 
different storage temperatures fitted well to first-order reaction kinetics, 
with correlation coefficients (R2) exceeding 0.70 (Table 1). As expected, 
the reaction rate constants were higher at 45 ◦C for all formulations, 
indicating a faster degradation rate of lutein at higher temperatures. 
Nonetheless, differences were noticed between formulations depending 

on the chemical form of lutein. Interestingly, nanoemulsions containing 
lutein dipalmitate (PSLE and SLE) exhibited higher reaction rate con
stants (0.2745 and 0.3351 days− 1, respectively), with lutein in SLE 
degrading more rapidly. In contrast, lutein was degraded at lower rates 
(0.0200 and 0.0420 days− 1 for PSLU and SLU, respectively) when 
incorporated in nanoemulsions in its free form, suggesting superior 
thermal stability of free lutein under the experimental conditions of this 
study. Even under refrigerated storage, the degradation rate of lutein 
ester in PSLE (0.0099 days− 1) was lower than in SLE (0.0173 days− 1), 
indicating a putative protective effect of PSO.

Indeed, the type of oil used in the oil phase (PSO vs. SO) significantly 
influenced degradation rates. At 45 ◦C, SLE exhibited a reaction rate 
constant 1.22 times higher than PSLE, while SLU degraded twice as fast 
as PSLU. SO-based nanoemulsions generally showed faster degradation, 
with the lutein ester content decreasing threefold faster than in SLE 
compared to PSLE within the first three days. By day six, SLE had lost 
half of their lutein ester content, while PSLE retained a higher propor
tion. For free lutein, PSLU retained 70 % of their content by day 15 at 
45 ◦C, while SLU retained only 50 %. At 4 ◦C, no significant differences 
were observed in the degradation of free lutein between emulsions with 
distinct oil types, but ester degradation reached 26 % in SLE, while it 
remained stable in PSLE.

These results may be attributed to the antioxidant-rich environment 
provided by PSO, which contains high levels of γ-tocopherol, β-sitos
terol, and phenolic compounds (Boujemaa et al., 2020). In contrast, 
esterified lutein may be embedded deeper within the lipid phase, where 
it is more susceptible to degradation by lipid peroxidation products, 
especially under thermal stress. Free lutein showed lower degradation 
rates and longer half-lives, particularly in PSO-based systems. These 
findings suggest that lutein stability in nanoemulsions is critically 
influenced by lipid composition, molecular localization, and storage 
conditions (Teeranachaideekul et al., 2022; Zhang et al., 2025), chal
lenging the generalized assumption that esterification inherently en
hances carotenoid stability.

The potential role of chlorophyll derivatives present in PSO, which 
might act as photosensitizers or antioxidants depending on the condi
tions (Choe & Choe, 2013), could also be a contributing factor to the 
observed differences, although their overall concentration in the nano
emulsion was low. Higher temperatures are known to accelerate carot
enoid degradation through oxidation, isomerization, and the formation 
of lower molecular weight compounds, consistent with findings by 
Zepka et al. (2009). Aman et al. (2005) reported increased levels of (Z)- 
lutein isomers with heat exposure, which negatively affected the anti
oxidant capacity. These changes occur as reversible thermal isomeriza
tion reactions proceed towards equilibrium.

The thermal stability of lutein in nanoemulsions is a critical 
parameter when designing delivery systems for food products that may 
be subjected to storage or transportation at these temperatures. Under 
the conditions of the present study, nanoemulsified lutein in its free form 
exhibited greater thermal stability than its esterified counterpart at 
45 ◦C. This observation is contrary to the more widespread assumption 
and some empirical evidence suggesting greater stability of carotenoid 
esters, such as the findings by Ahmad et al. (2013) in bulk systems. 
While the stability of bioactive compounds is a complex phenomenon 
influenced by numerous variables, esterification is a commonly 
employed strategy to enhance stability, mostly by protecting reactive 
functional groups in their molecules. In a typical example, the phenolic 
hydroxyl group in vitamin E is esterified to form tocopheryl acetate, 
which exhibits reduced susceptibility to oxidation during processing and 
storage while maintaining bioavailability and biological activity in vivo 
(Desmarchelier et al., 2013). Similar approaches are used for labile vi
tamins such as ascorbic acid and retinol in both food and cosmetic ap
plications (Guaratini et al., 2006). Nonetheless, as mentioned in the 
introduction, the literature presents some conflicting results regarding 
the stability of carotenoid esters in different systems (Arita et al., 2004; 
Mercadante et al., 2017), and potential analytical bias should also be 

Table 1 
Kinetic parameters and determination coefficients (R2) for lutein degradation in 
lutein-delivery nanoemulsions at different storage temperatures or UV-light 
exposure.

Nanoemulsions Temperature 
(◦C)

Reaction rate constant 
k (days− 1)

t1/2 

(days)
R2

PSLU 4 0.0099 70.01 0.7459
45 0.0200 34.66 0.6978

PSLE
4 0.0041 169.06 0.9321
45 0.2745 2.53 0.9031

SLU
4 0.0131 52.91 0.9724
45 0.0420 16.50 0.9558

SLE 4 0.0173 40.07 0.7477
45 0.3351 2.07 0.9780

Nanoemulsions Exposure to 
UV light

Reaction rate constant 
k (min− 1)

t½ (min) R2

PSLU
Exposed 0.0095 72.96 0.9528
Control 0.0019 364.81 0.9570

PSLE
Exposed 0.0097 71.46 0.9637
Control 0.0006 1155.25 0.9715

SLU Exposed 0.0080 86.64 0.9440
Control 0.0004 1732.87 0.7284

SLE Exposed 0.0184 37.67 0.9535
Control 0.0006 1155.25 0.7772

PSLU: nanoemulsion prepared with pumpkin seed oil and free lutein; PSLE: 
nanoemulsion prepared with pumpkin seed oil and lutein ester; SLU: nano
emulsion prepared with soybean oil and free lutein; and SLE: nanoemulsion 
prepared with soybean oil and lutein ester. Nanoemulsions were stored over 15 
days at 4 ◦C and 45 ◦C, and with lutein content being monitored each three days. 
Alternatively, nanoemulsions were irradiated with UV light or protected from 
irradiation (control samples) for 240 min, and with lutein content being moni
tored at specific intervals (0, 30, 60, 120 and 240 min).
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considered. Such bias may arise from the greater analytical complexity 
of carotenoid esters, and differences between free and esterified forms 
including solubility and stability in organic solvents, aggregation 
behavior, localization within heterogeneous systems, and molecular 
size, whereas they share the same UV–Vis spectra. In this regard, while 
we quantified the lutein species, it was not possible to directly determine 
the encapsulation efficiency of free lutein and lutein ester within the 
nanoemulsion droplets. Differently from analysing encapsulation in 
nanoparticles, in nanoemulsions carotenoids from both phases are dis
solved, besides the difference in solubilization between free lutein and 
lutein diester in given solvents. Differences in encapsulation could 
potentially influence their exposure to degradation factors in the 
aqueous phase (Khalil et al., 2012). Moreover, the observed lower sta
bility of lutein esters at higher temperatures might also stem from the 
ester bond to hydrolysis within the nanoemulsion environment, as 
suggested by Khalil et al. (2012) in other systems. Hydrolysis would 
release free lutein and palmitic acid, and the presence of free palmitic 
acid could potentially contribute to propagate oxidative reactions at 
elevated temperatures, accelerating the degradation of the remaining 
lutein species.

3.3.2. Effect of temperature on the colour of nanoemulsions
Lutein, characterized by its intense yellow colour, loses its colour

ation upon chemical degradation, a useful parameter for monitoring 
thermal oxidation and isomerization processes. The evolution of colour 
coordinates in PSO- and SO-based nanoemulsions stored at 4 ◦C and 
45 ◦C is shown in Fig. 4. Nanoemulsions exhibited a* values near zero or 
negative (Fig. 4A and F). The negative a* values became more pro
nounced at 45 ◦C, towards a slight greenish hue, but remained relatively 
constant at 4 ◦C. PSO-based nanoemulsions tended to show more 
negative a* values than SO-based ones, likely due to the inherent colour 
of this oil. A similar relationship between oil type and a* values was 
observed by Steiner et al. (2018) in lutein nanoemulsions, with 
green‑tinted grape seed oil contrasting with colourless medium-chain 
triglyceride oil.

The yellow colour intensity (b* value) remained relatively stable for 
most nanoemulsions at 4 ◦C, except for SLE, which decreased 1.1-fold by 
the end of the 15-day storage period (Fig. 4B and G). At 45 ◦C, lutein 
esters degraded significantly, with b* values for PSLE and SLE 
decreasing ~12- and ~ 7-fold, respectively. In contrast, free lutein 
nanoemulsions (PSLU and SLU) showed minimal changes, indicating 
better chemical stability under these conditions. Similar findings by 
Caballero and Davidov-Pardo (2020) reported a decline in b* values 
during storage at elevated temperatures, consistent with lutein 
oxidation.

Nanoemulsions of free lutein showed no significant changes in C* at 
either temperature, although a slight decrease was observed at 45 ◦C 
(Fig. 4D and I). In contrast, lutein ester nanoemulsions (PSLE and SLE) 
showed drastic reductions in C*, with PSLE and SLE decreasing 5- and 9- 
fold, respectively, at 45 ◦C. At 4 ◦C, SLE exhibited only a minor decrease 
(1.18-fold). These findings suggest that higher temperatures signifi
cantly reduce colour saturation in lutein ester nanoemulsions, indicating 
degradation and a shift towards less saturated colours, such as white, as 
carotenoids decompose (Ferreira & Spricigo, 2017). Temperature 
moderately affected lightness (Fig. 4E and J). PSLU and SLU nano
emulsions at 45 ◦C showed an increase in L* of up to 11 %, indicating 
lighter samples likely due to reduced yellow intensity and increased 
light reflection (McClements, 2002). Lutein ester nanoemulsions (PSLE 
and SLE) showed substantial increases in hue angles (h) by 1.65- and 
2.71-fold (Fig. 4C and H), shifting towards less reddish and yellowish, 
respectively, which is indicative of lutein ester degradation. Overall, 
temperature significantly influenced colour fading, with changes in 
lightness, hue, saturation, and yellowing being more pronounced at 
45 ◦C than at 4 ◦C. ΔE values were more pronounced at 45 ◦C as shown 
in Fig. S2. Lutein esters were particularly unstable under high temper
atures, undergoing degradation through oxidation and isomerization of 

the conjugated polyene chain responsible for lutein’s characteristic 
coloration (Boon et al., 2010; Davidov-Pardo et al., 2016).

Photographs of nanoemulsions during storage (Fig. S3) visually 
confirmed the fading of lutein esters, particularly in SLE, which became 
nearly colourless after 15 days at 45 ◦C. No phase separation was 
observed in any nanoemulsions during storage under either tempera
ture. Free lutein emulsions showed greater visual colour stability 
compared to lutein esters at elevated temperatures. Nanoemulsions 
stored at 4 ◦C exhibited no noticeable colour changes, demonstrating 
that lower temperatures significantly mitigate carotenoid degradation, 
as corroborated by Khalil et al. (2012).

3.3.3. Effect of temperature on the physical stability of nanoemulsions
A significant interaction was observed between the type of oil (PSO 

or SO), lutein form (free or ester), storage time, and temperature for all 
parameters related to physical stability (p < 0.05). However, tempera
ture did not significantly affect the hydrodynamic diameter of the par
ticles, which remained below 200 nm throughout the 15-day storage 
period (Fig. 5A and B). Similarly, no significant changes in the poly
dispersity index (PDI) were observed by the end of storage on day 15 at 
either temperature (Fig. 5C and D). All nanoemulsions maintained PDI 
values below 0.2, indicating monodisperse systems regardless of storage 
conditions (p < 0.05).

The ζ-potential (Fig. 5E and F) at the end of storage varied across 
formulations and temperatures. At 4 ◦C, PSLU, PSLE, SLU, and SLE 
exhibited zeta potentials of approximately − 33.43, − 34.07, − 23.50, 
and − 23.13 mV, respectively. At 45 ◦C, these values shifted to − 31.56, 
− 35.30, − 14.16, and − 24.75 mV, respectively. Higher temperatures 
appeared to influence particle surface charges, particularly in SLU, 
where the zeta potential approached − 14.16 mV at 45 ◦C, indicating a 
reduction in electrokinetic stability and potentially increased suscepti
bility to aggregation (Sari et al., 2015). This reduction in ζ-potential, 
particularly observed for SLU at 45 ◦C, might be associated with the 
lutein degradation and the generation of more polar degradation prod
ucts that could affect the surface charge of the nanoemulsion droplets, or 
oxidation generating highly reactive radicals that destabilize the nano
emulsion system (Boon et al., 2010). However, the ζ-potential values for 
most formulations remained sufficiently negative to suggest reasonable 
physical stability throughout the study.

3.4. Impact of UV light on the chemical and physical stability of 
nanoemulsions enriched with lutein

3.4.1. Degradation of free lutein and lutein ester from nanoemulsions
The concentration of lutein in all nanoemulsions was significantly 

influenced by exposure to UV light, storage time, and the interaction 
between these factors (p < 0.05). Nanoemulsions exposed to UV light 
experienced substantial chemical degradation in a short period of time 
(Fig. 3C and D). PSLU and PSLE showed approximately 90 % degrada
tion after 240 min of exposure, while SLU and SLE exhibited reductions 
of 84.59 % and 99.03 %, respectively. This degradation can be attrib
uted to the generation of reactive oxygen species, such as singlet oxygen, 
by biological compounds upon UV irradiation. These species can then 
react with the highly unsaturated hydrocarbon chain of carotenoids, 
leading to their breakdown (Yahia & Ornelas-Paz, 2010). SLE showed a 
rapid 50 % reduction in carotenoid content within the first 30 min of UV 
exposure, indicating a high susceptibility of lutein ester in soybean oil to 
photodegradation. Conversely, SLU demonstrated relative stability 
(>95 % retention) during this initial interval but exhibited a gradual 
decline with continued exposure. Nanoemulsions protected from light 
(controls) retained up to 87 % of their initial lutein content over the 240- 
min period, clearly highlighting the detrimental effect of UV exposure 
on both free and esterified lutein. Chromatograms showing lutein and 
lutein ester peaks at the beginning and at the end of the photostability 
experiments are shown in Fig. S1, and the colour fading can be seen in 
Fig. S4.
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The type of oil also played a crucial role in photostability. SO-based 
nanoemulsions (SLU and SLE) showed more pronounced degradation 
under UV exposure compared to the corresponding PSO-based nano
emulsions (PSLU and PSLE). PSO, being rich in bioactive compounds 
such as tocopherols and other antioxidants, likely provided a degree of 
protection against photooxidation, thereby minimizing lutein degrada
tion. This aligns with findings by Mortensen and Skibsted (1999), who 
demonstrated that tocopherols inhibit the pro-oxidant effects of carot
enoids under light exposure.

Table 1 presents the kinetic parameters for lutein degradation under 
UV exposure. Nanoemulsions exposed to UV light exhibited significantly 
higher reaction rate constants compared to their respective dark con
trols, indicating faster degradation. Notably, the highest degradation 
rate under UV exposure was observed in SLE (0.0184 min− 1), suggesting 
that lutein ester in SO is particularly susceptible to photodegradation. 
For PSO nanoemulsions exposed to UV light, the reaction rate constants 
for free and esterified lutein were similar (0.0095 and 0.0097 min− 1, 
respectively), indicating comparable behavior under these conditions.

Half-life data further revealed that non-exposed nanoemulsions were 
considerably more stable, with SLU showing a half-life of 1732.87 min 
compared to only 37.67 min for SLE under UV exposure. PSLU and PSLE 
exhibited similar half-lives under UV light (around 72 min), but these 
values increased substantially (to 364.81 and 1155.25 min, respectively) 
when the nanoemulsions were shielded from UV exposure. Similar 
trends have been reported for other carotenoids like lycopene, where 
light exposure significantly reduced the half-life (Ferreira & Rodriguez- 
Amaya, 2008).

Lutein’s inherent susceptibility to degradation arises from its 
photosensitivity, with its conjugated double bonds being prone to 
isomerization, oxidation, and photobleaching upon exposure to light. 
UV radiation can trigger photooxidation reactions, producing radical 
carotenoid cations or enabling reactions between excited carotenoid 
states and other reactive species, ultimately leading to degradation 
(Boon et al., 2010; Konovalova et al., 2001). Nanoemulsions exposed to 
UV light showed noticeable fading of the characteristic yellow colour, 
particularly in the lutein ester formulations. As seen in Fig. 3B, SLE 
appeared nearly colourless after prolonged UV exposure, indicative of 
irreversible photobleaching due to extensive carotenoid oxidation. This 
phenomenon likely results from complex photochemical reactions 
involving the carotenoid molecule and potentially other components of 
the nanoemulsion system.

These findings emphasize the critical importance of understanding 
carotenoid degradation and oxidation mechanisms to enhance their 
stability in functional foods and other applications exposed to light. 
Strategies incorporating protective oils or antioxidants, such as the use 
of PSO rich in tocopherols, can effectively mitigate degradation and 
improve the delivery of lutein’s functional and nutritional benefits in 
light-exposed matrices. Developing such strategies is crucial for main
taining the quality and efficacy of lutein-enriched products.

3.4.2. Impact of UV light on the physical stability of nanoemulsions
A significant interaction was observed between the type of nano

emulsion, storage time, and UV light exposure for all evaluated physical 
stability parameters (p < 0.05, likely from ANOVA). As shown in Fig. 6A 
and C, the average particle diameter did not significantly change in the 
final evaluation (240 min) for most treatments, remaining below 210 
nm. However, UV light exposure tended to cause a slight increase in 
particle diameter across all nanoemulsions, with final values of 196.63, 
206.90, 197.10, and 198.60 nm for PSLU, PSLE, SLU, and SLE, respec
tively, suggesting a potential for minor aggregation or droplet swelling 
upon UV irradiation.

The PDI remained below 0.2 throughout the UV exposure period for 
all formulations, confirming that the nanoemulsions maintained their 
monodisperse nature (Mudalige et al., 2019). Regarding ζ-potential 
(Fig. 6E), PSLU, SLU, and SLE exhibited a significant increase in the 
magnitude of their negative zeta potential by the end of the exposure 

period, reaching values of − 36.40, − 40.43, and − 48.87 mV, respec
tively. Slight variations were observed in the ζ-potential of PSLE nano
emulsions, but overall, UV light did not negatively impact the physical 
stability of the nanoemulsions as assessed by ζ-potential. The increase in 
the magnitude of the negative ζ-potential generally indicates enhanced 
electrostatic repulsion between droplets, which is associated with 
improved colloidal stability (Mudalige et al., 2019). This increase might 
be due to the formation of charged degradation products upon UV 
irradiation that adsorb onto the droplet surface, increasing the surface 
charge density.

3.5. MFA

The Multiple Factor Analysis (MFAs) were conducted to simulta
neously assess the impact of temperature and UV light exposure on the 
physicochemical stability of lutein-rich nanoemulsions, providing in
sights into the role of oil types and lutein forms on the findings. For both 
MFAs, Factor 1 (F1) and Factor 2 (F2) explained substantial data vari
ability, with F1 and F2 explaining 41.74 % and 25 % for temperature, 
and 34.38 % and 23.09 % for UV light, respectively (Fig. 7).

In the temperature-focused MFA (Fig. 7A), carotenoid content 
showed the strongest negative correlation to F1, evidenced by the 
degradation effect of higher temperatures (45 ◦C). Colour parameters 
were highly responsive to temperature changes, as indicated by the 
significant contributions of colour difference variables (ΔE, L, C, and H) 
to F1. Oil type and lutein form were strongly associated with F2, 
underscoring the differences in stability between nanoemulsions 
formulated with soybean oil (SO) and pumpkin seed oil (PSO), as well as 
between free and esterified lutein. PSO-based nanoemulsions exhibited 
greater stability, aligning positively with F2.

Regarding photostability (Fig. 7B), the MFA indicated that Factor 1 
and Factor 2 accounted for 34.38 % and 23.09 % of the total variability, 
respectively. Oil type (PSO vs. SO) was notably influential, showing 
clear differentiation along F2. Pumpkin seed oil nanoemulsions showed 
better stability under UV conditions, likely due to antioxidant com
pounds like tocopherols present in PSO, thus effectively reducing 
oxidative damage. Similarly, lutein form (ester versus free lutein) 
strongly contributed to F1, where esterified lutein showed higher sus
ceptibility to UV-induced degradation. This degradation was accompa
nied by a considerable decline in carotenoid content, while free lutein 
exhibited more resilience under UV exposure.

Overall, the MFAs revealed that both temperature and UV light 
substantially influenced the physical and chemical stability of nano
emulsions. Elevated temperatures and UV exposure accelerated carot
enoid degradation, reflected by significant changes in droplet size, zeta 
potential, and particularly pronounced colour losses in lutein ester for
mulations. These findings emphasize the protective role of pumpkin 
seed oil and the comparatively higher stability of free lutein in nano
emulsion systems under stressful conditions. Collectively, these results 
provide valuable guidance for formulating nanoemulsions to enhance 
lutein stability, suggesting optimised industrial applications in func
tional food products and pharmaceuticals.

While this study provides fundamental insights into the stability of 
lutein in model nanoemulsion systems, future research is warranted to 
explore their application in more complex, real food matrices, where 
numerous intrinsic factors may interact with the delivery system. 
Further investigations into the long-term stability of lutein-loaded 
nanoemulsions or nanoparticles under a broader range of storage con
ditions, as well as mechanistic and applied bioavailability studies of 
encapsulated lutein forms, will be critical to support practical applica
tion. Additionally, exploring the influence of different fatty acid moi
eties in lutein esters on nanoemulsion stability may offer valuable 
strategies for formulation optimization. Beyond their physicochemical 
characterization, the nanoemulsions developed in this study exhibit 
practical potential for incorporation into a wide range of functional food 
products. Their stability at refrigeration temperature (4 ◦C) and ability 
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Fig. 7. The Multiple Factor Analysis of impact of temperature and exposed to ultraviolet light on the chemical and physical stability of nanoemulsions. Variables: 
Composition(The nanoemulsion composition): pumpkin seed oil (PSO), soy oil (SO), lutein free (LU) and lutein ester (LE); Photo-stability: Exposed a UV light (EXP) 
and Control (CO); Thermostability: storage at 45 ◦C (T45) and storage at 4 ◦C (T4); Parameters (physicochemical parameters): The concentration of lutein form (LF), 
Polydispersity index (PDI), The zeta potential (PZ), Hydrodynamic diameter of the particles (DH); Time (Storage time): For temperature: 0 day (t0), 3 days (t3), 6 
days (t6), 9 days (t9), 12 days (t12) and 15 days (t15). For UV light: 0 min (t0), 30 min (t30), 60 min (t60), 120 min (t120), 240 min (t240).
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to disperse lutein in aqueous systems render them suitable for applica
tions such as plant-based beverages, smoothies, fortified juices, low-fat 
sauces, refrigerated spreads, yogurts, and dairy alternatives. The use 
of pumpkin seed oil as the oil phase not only enhances chemical stability 
through its antioxidant-rich composition but also contributes nutritional 
value, reinforcing the appeal of these systems for health-oriented for
mulations. Its superior performance can be attributed to the presence of 
natural antioxidants, such as tocopherols, polyphenols, and phytos
terols, which create a favorable oxidative environment for lutein sta
bility, as previously reported by Lozada et al. (2021). The selection of a 
low-chlorophyll variety (C. maxima) further minimized photooxidative 
effects, ensuring improved protection of encapsulated compounds. 
Furthermore, the distinct degradation behavior observed between free 
and esterified lutein under thermal and UV stress suggests tailored use 
cases: nanoemulsions with free lutein may be better suited for formu
lations exposed to light, whereas esterified lutein may be preferable in 
contexts requiring controlled release or limited light exposure. Impor
tantly, these systems also deliver a stable yellow-orange coloration, 
which can enhance the sensory profile of products such as desserts and 
plant-based egg analogues, providing both aesthetic and functional 
benefits.

4. Conclusion

This study provides valuable insights into the chemical and physical 
stability of lutein-delivery nanoemulsions, highlighting the significant 
influence of both lutein esterification and the oil phase constitution 
under thermal and UV stress. Contrary to the general expectation of 
enhanced stability for carotenoid esters, our findings demonstrated that 
under temperature of 45 ◦C or UV-light exposure, and in the conditions 
employed in this study, free lutein exhibited superior thermal stability 
compared to lutein dipalmitate in both SO- and PSO-based nano
emulsions. Degradation data fitted well with a first-order kinetic model, 
with SLE showing the shortest shelf life, 2 days at 45 ◦C and 37.67 min 
under UV light, indicating its susceptibility to adverse conditions. This 
counterintuitive finding suggests that the esterification might, under 
specific conditions within the nanoemulsion environment, render lutein 
more susceptible to degradation, potentially through mechanisms such 
as hydrolysis or the pro-oxidant effects, or even due to a suboptimal oil- 
to-ester ratio for effective encapsulation and protection. Conversely, at 
refrigeration temperatures (4 ◦C), lutein ester showed improved stability 
in PSO, underscoring the complex interplay of temperature and formu
lation on carotenoid preservation.

Furthermore, the choice of oil phase significantly impacted lutein 
stability. Nanoemulsions formulated with PSO generally exhibited 
greater chemical stability for both free and esterified lutein under both 
thermal and UV stress compared to those prepared with SO. This pro
tective effect of PSO is likely associated with its inherent antioxidant 
properties, not only due to the considerable presence of tocopherols 
(Lozada et al., 2021), but also to a synergistic interplay with other minor 
constituents such as phenolic compounds, phytosterols, squalene, and 
endogenous carotenoids. Together, these compounds may have 
contributed to an antioxidant microenvironment, which effectively 
minimized carotenoid degradation, particularly under UV irradiation. In 
nanoemulsions, the interface is often enriched with antioxidants from 
the oil phase, such as tocopherols and phenolics in pumpkin seed oil, 
which may have acted synergistically with free lutein located in this 
region to enhance protection. In contrast, lutein dipalmitate, being 
highly lipophilic, was likely confined to the oil core, where it may be 
more exposed to lipid peroxides, particularly in unsaturated oils like 
soybean oil. As a result, under forced stress, in the specific conditions 
used in the present study, free lutein could have outperformed its 
esterified form in terms of stability. The observed differences in stability 
have significant implications for the design and application of lutein- 
enriched products in the food and pharmaceutical industries. Formula
tors must carefully consider the intended storage conditions and the 

specific chemical form of lutein to maximize its preservation and effi
cacy. While this study provides fundamental insights into the stability of 
lutein in model nanoemulsion systems, future research is warranted to 
explore their application in more complex, real food matrices, where 
numerous intrinsic factors may interact with the delivery system. 
Notably, this work pioneers the use of pumpkin seed oil (PSO) as a 
promising oil phase in the formulation of carotenoid-based nano
emulsions. Its rich composition in antioxidant compounds, such as to
copherols, phytosterols, and phenolics, was shown to effectively 
stabilize both free and esterified lutein, particularly under UV stress, 
highlighting its potential as a functional ingredient in lipid-based de
livery systems. Moreover, by revealing that free lutein, a more 
bioavailable form, can exhibit superior stability under thermal and 
photonic stress when appropriately encapsulated, this study challenges 
the conventional preference for esterified carotenoids and opens new 
perspectives for the development of stable, high-performance delivery 
systems that enhance both the efficacy and shelf life of bioactive 
compounds.
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Longo and Profa. Dra. Patricia Bento da Silva, and Profa. Dra. Pérola 
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Pérez-Gálvez, A., & Mínguez-Mosquera, M. I. (2002). Lipid environment as modulator of 
the oxidation process of xanthophylls present in red pepper fruit (Capsicum annuum 
L.). In J. A. Empis (Ed.), Functionalities of pigments in food (pp. 315–318).

Qv, X. Y., Zeng, Z. P., & Jiang, J. G. (2011). Preparation of lutein microencapsulation by 
complex coacervation method and its physicochemical properties and stability. Food 
Hydrocolloids, 25(6), 1596–1603. https://doi.org/10.1016/j.foodhyd.2011.01.006

Ranard, K. M., Jeon, S., Mohn, E. S., Griffiths, J. C., Johnson, E. J., & Erdman, J. W., Jr. 
(2017). Dietary guidance for lutein: Consideration for intake recommendations is 
scientifically supported. European Journal of Nutrition, 56(Suppl. 3), 37–42. https:// 
doi.org/10.1007/s00394-017-1580-2

Rodrigues, D. B., Mariutti, L. R. B., & Mercadante, A. Z. (2016). Two-step cleanup 
procedure for the identification of carotenoid esters by liquid chromatography 
atmospheric pressure chemical ionization-tandem mass spectrometry. Journal of 
Chromatography A, 1457, 116–124. https://doi.org/10.1016/j.chroma.2016.06.039

Rodrigues, D. B., Mercadante, A. Z., & Mariutti, L. R. B. (2019). Marigold carotenoids: 
Much more than lutein esters. Food Research International, 119, 653–664. https://doi. 
org/10.1016/j.foodres.2018.10.043

Sari, T. P., Mann, B., Kumar, R., Singh, R. R. B., Sharma, R., Bhardwaj, M., & Athira, S. 
(2015). Preparation and characterization of nanoemulsion encapsulating curcumin. 
Food Hydrocolloids, 43, 540–546. https://doi.org/10.1016/j.foodhyd.2014.07.011

Se Souza, C., Daood, H. G., Duah, S. A., Vinogradov, S., Palotás, G., Neményi, A., … 
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