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Lipid-core nanocapsules loaded with �-carotene and �-carotene, and lutein (NCs) were pro-

duced with monomodal particle size distribution. Their mean diameter was 151.33 ± 5.03 nm

(D4,3) and 180.30 ± 0.70 nm (z-average), zeta potential was −22.63 ± 0.52 mV, and pH was

3.21 ± 0.04. The stability of NCs was studied under different simulated industrial treatments,

such as thermal and ultraviolet (UV)–visible light treatment. Regardless of the temperature

and  incubation time of the samples, higher carotenoids retention (%) was observed in NCs

than ethanol extract (EE) (under UV–vis light treatment) and higher carotenoids retention

(%) was observed in NCs compared to EE and data already published on the stability of

non-encapsulated carotenoids (under thermal treatment). In addition, NCs when exposed

to  UV–vis light treatment had higher activation energy and lower constant rate (k) than EE.

In  conclusion, nanoencapsulation offers greater stability to the �-carotene, �-carotene, and

lutein upon exposure to conditions similar to those used in the food processing (heat) and
�-Carotene

Lutein

storage (UV–vis light).

© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

carotenes and lutein as a xanthophyll. �-Carotene and �-carotene pos-
1.  Introduction

Carotenoids—the pigments biosynthesized by photosynthetic bacteria,

algae, and higher plants—are responsible for the plant color that ranges

from light yellow to deep red. Although animals cannot synthesize

carotenoids de novo,  they assimilate these compounds through various
dietary sources (Namitha and Negi, 2010). An appropriate consumption
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of a variety of fruits and vegetables rich in carotenoids sufficiently sup-

ply these compounds to the animals (Khoo et al., 2011). For example,

carrots are important sources of major carotenoids such as �-carotene,

�-carotene, and lutein (Maurer et al., 2014).

Structural analyses have classified �-carotene and �-carotene as
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xygenated compound derivative of carotenes (Pogson et al., 1996). Due

o their chemical structure and interaction with biological membranes

n the human body, carotenoids have antioxidant properties (Gammone

t al., 2015). Owing to the presence of double bonds in their chemical

tructure, they can scavenge and quench free radicals, such as reactive

pecies of oxygen and nitrogen (Polyakov et al., 2001).

In general, the consumption of carotenoids is associated with

ecreased risk of various types of cancers (Lu et al., 2015; Wang et al.,

015; Zu et al., 2014) and cardiovascular disease (Bhupathiraju et al.,

013). In addition of possessing antioxidant activities, �-carotene and

-carotene have pro-vitamin A activity due to the presence of ter-

inal �-ionone ring (Kopec et al., 2014). In contrast, lutein, found in

uman ocular tissues (Khachik et al., 2002), do not possess pro-vitamin

 activity. Lutein is one of the major carotenoids involved in the protec-

ion against age-related macular degeneration development (Wu et al.,

015).

Carotenoids can be used as effective replacements for synthetic col-

rants added to food products as these compounds are more accepted

y consumers (De Paz et al., 2013). However, drawbacks such as their

ydrophobic nature and instability at high temperatures, in light, and

ith oxygen and other chemical components (Lerfall, 2016) hamper

heir successful application in food matrices (Campardelli et al., 2012),

articularly in water-rich foods.

A previous study (Giménez et al., 2015) monitored the color degra-

ation of natural yellow colorants that are used in foods (such as lutein,

-carotene, curcumin, riboflavin, gardenia yellow, and Opuntia extract)

nder varying heat treatment (30, 50, 70, and 90 ◦C) for 6 h. Accord-

ng to this study, the rate of color degradation increased with the

ncreasing temperature in all cases. Therefore, some colorants such

s free carotenoids are unstable when subjected to heat treatments,

ven if the temperature is <100 ◦C. Furthermore, Spada et al. (2012)

xamined the kinetics parameters of �-carotene degradation when

xposed and unexposed to UV–vis light and reported that the rate

onstant (k/days−1) of �-carotene stored at 25 ◦C under UV–vis light

as higher (0.136 ± 0.007) than that of �-carotene stored at 25 ◦C in

he dark (0.069 ± 0.003). This may be attributed to the formation of

inglet oxygen through the biological compounds in the presence of

ight (Yahia and Ornelas-Paz, 2010). Subsequently, the singlet oxygen

inds with the hydrocarbon chain of carotenoids, leading to its degra-

ation.

Alternatively, nanotechnology can be applied, involving the devel-

pment and application of nanometric structures in the field of food

echnology. These nanomaterials are of natural, incidental or man-

factured origin and are defined as a system that should consist

or 50% or more of particles (number distribution) having a size

etween 1–100 nm (Official Journal of the European Union, 2011). Nano-

echnology offers easy applicability of compounds with poor water

olubility in food matrices. Furthermore, it improves the thermal and

V–vis light stability, oral bioavailability, sensory attributes, and phys-

ological performance of functional food ingredients (Huang et al.,

010).

Various conditions during food processing and storage may inter-

ere with the nanoencapsulated carotenoid stability; however, the

xtent of interference is lower than that during free carotenoids

egradation. Lobato et al. (2015) produced nanoencapsulated bixin

y interfacial deposition of the preformed polymer technique, and

bserved that non-nanoencapsulated bixin (free bixin) degraded

efore than nanoencapsulated bixin. The rate constants (k) of non-

anoencapsulated bixin is higher when compared to rate constants (k)

f nanoencapsulated bixin at all the tested temperatures (65, 80, and

5 ◦C).

Recently, much attention has been focused on studying the thermal

nd UV–vis light stability kinetics of the nanoencapsulated carotenoids

Anarjan and Tan, 2013; Chen et al., 2014); however, only nanoen-

apsulated compounds in their individual form have been studies

hus far. Therefore, this study aimed to study the stability of co-

anoencapsulated carotenoids (blend of �-carotene, �-carotene, and

utein) in lipid-core nanocapsules (LNC) under different industrial
reatments such as thermal and UV-light treatment.
2.  Material  and  methods

2.1.  Materials

The poly-�-caprolactone polymer (PCL) (Mw  = 80,000), used for
wall material composition of the LNC, and sorbitan monos-
tearate (Span 60) were purchased from Sigma (St. Louis, MO,
USA). Capric/caprylic triglycerides (CCTs) and polysorbate
80 (Tween 80) were purchased from Delaware (Porto Alegre,
Brazil). All other chemicals and solvents were of analytic or
pharmaceutical grade. The vegetal material (‘Baltimore’ car-
rots) was obtained from Vacaria, Rio Grande do Sul, Brazil
(28◦30′44′′S to 50◦56′02′′W).

2.2.  Obtaining  ethanol  extract  containing  carotenoids

�-Carotene, �-carotene, and lutein were extracted from ‘Balti-
more’ carrots (1 g) using the absolute ethanol as the extractor
solvent (≥99.5%) at 25 ◦C for 55 min  using four extractions and
40 mL  of absolute ethanol for each extraction. The carotenoids
profile of the ethanol extract (EE) was performed using high-
performance liquid chromatography (HPLC).

2.3.  Preparation  of  LNC

The LNC were prepared from a blend of carotenoids (�-
carotene, �-carotene and lutein; NCs) by interfacial deposition
of the preformed polymer technique according to Venturini
et al. (2011), with some modifications in the amounts of ace-
tone and ethanol. The LNC are composed of two phases, an
organic and aqueous phase. PCL (250 mg), Span 60 (95 mg),
CCTs (400 �L), acetone (135 mL), EE (15 mL)  of �-carotene, �-
carotene, and lutein from ‘Baltimore’ carrots were used for
the organic phase of the NCs. The EE amount was established
so that the final formulation of the NCs possessed a con-
centration of 26 �g/mL of the sum of carotenoids (�-carotene,
�-carotene and lutein).

In the aqueous phase, Tween 80 (192.50 mg)  and ultrapure
water (132.50 mL)  were used. The organic and aqueous phases
were magnetically stirred for 40 min  at 40 ◦C and 25 ◦C, respec-
tively, until complete dissolution of materials. Subsequently,
the organic phase was injectedinto the aqueous phase with
stirring for 10 min  at 25 ◦C. The NCs formulation was concen-
trated under reduced pressure to a final volume of 25 mL.

2.4.  NCs  characterization

2.4.1.  Hydrogen  potential  (pH)
A potentiometer (Quimis

®
, Q400A, Diadema, São Paulo) was

used to determine pH of the NCs and EE at 25 ◦C.

2.4.2.  Mean  diameter
The mean diameter and span values (Eq. (1)) of the NCs were
calculated by laser diffraction (LD; volume-weighted mean
diameter; D4,3) using Mastersizer 2000

®
(Malvern Instruments,

UK). The refractive indexes used for the PCL and water were
1.54 and 1.33, respectively. In addition, the mean diameter was
analyzed by dynamic light scattering (DLS; z-average) using
Zetasizer

®
nano-ZS (Malvern Instruments, UK). To determine
the z-average of the NCs, the sample dilutions were performed
with pre-filtered MilliQ

®
water (0.45 �m).  The dynamic light
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 phas
scattering provides parallel to the average particle diameter
(z-average) the polydispersity index (PDI) of the NCs.

Span value :
d0.9 − d0.1

d0.5
(1)

2.4.3.  Zeta  potential
The electrophoretic mobility (Zetasizer

®
nano-ZS, Malvern,

UK) was used to determine the zeta potential values of the
NCs formulation. The samples were previously diluted in a
pre-filtered (0.45 �m)  aqueous solution (10 mM NaCl).

2.4.4.  HPLC  analysis
HPLC analysis was performed using Agilent series 1100
(Santa Clara, CA, USA) with a C30 polymeric column YCM
(250 × 4.6 mm i.d.; 3-�m particle size) at 33 ◦C. Data were
acquired and processed using the ChemStation

®
software.

The mobile phase gradient consisted of water, methanol, and
methyl tert-butyl ether at a flow rate of 1 mL/min and injec-
tion volume was 5 �L. The chromatographs were processed at
an absorption wavelength of 470 nm.  Moreover, a calibration
curve with a determination coefficient (r2) > 0.99 was used to
quantify �-carotene, �-carotene, and lutein.

Prior to their injection in the HPLC, the samples were fil-
tered with a modified PTFE membrane (0.45 �m)  for aqueous
and organic solvents (Millipore, Barueri, SP, Brazil). All the sol-
vents used in the HPLC were of chromatographic grade and
were previously filtered through a Millipore vacuum filtration
system using a 0.22 �m membrane for organic solvents (Milli-
pore, Barueri, SP, Brazil).

The total retention of carotenoids in the NCs and aqueous
phase of NCs were used to calculate the encapsulation effi-
ciency (EnEf; Eq. (2)) of the nanometric suspension. To evaluate
the total retention of carotenoids in the LNC, �-carotene, �-
carotene, and lutein were extracted from the NCs using 500 �L
of NCs and 2.5 mL  of acetonitrile (Lobato et al., 2013; Venturini
et al., 2011). This mixture was sonicated for 30 min, dried in
compressed N2, diluted with methyl tert-butyl ether (1 mL),
and finally injected in the HPLC. To obtain the carotenoid con-
tent in the aqueous phase of NCs, the filtrate was injected
into the HPLC. This filtrate was obtained by the ultrafiltration
(Ultracel YM–100, cut-off of 10 kDa; Amicon

®
Millipore Corpo-

ration, United States) and centrifugation (15 min  at 1690 × g) of
an aliquot of NCs (400 �L). Thus, the encapsulation efficiency
value was determined as follows:

EnEf (%) = Total  carotenoids of NCs − Carotenoids in the aqueous

Total carotenoids of NCs

2.4.5.  Log  D  (logarithm  of  the  distribution  coefficient)
The chemical structure of samples and the medium pH are
used to determine the log D, through the software ACD Log D
6.0 (Advanced Chemistry Development, Inc., Toronto, Canada).
The log D value allows to estimate the lipophilicity of the
observed compound (Oliveira et al., 2013).

2.5.  NCs  stability  under  thermal  treatment  in  the  dark

The total retention of carotenoids was used as a parame-
ter to analyze the thermal stability of the NCs (26 �g/mL)
and EE.(26 �g/mL). Aliquots (600 �L) of the NCs and EE were

entrapped in different Eppendorf tubes and maintained at dis-
tinct temperatures (NCs – 70, 80, and 90 ◦C; EE – 70 ◦C) and
e of NCs × 100 (2)

stirred in a water bath for 0, 30, 50, 70, 100, 140, and 180 min
in the dark. After each period of heating at 70, 80, and 90 ◦C,
the samples were cooled in an ice bath. The �-carotene, �-
carotene, and lutein retention was measured by HPLC and was
used to determinate the kinetics parameters using SigmaPlot
12.0 software.

2.6.  NCs  and  EE  stability  under  UV–vis  light  and
different  temperatures

The total retention of carotenoids was used as evalua-
tion parameter for the photostability (UV–vis light) of NCs
(26 �g/mL) and EE (26 �g/mL) under different temperatures (5,
15, and 25 ◦C) and time intervals (0, 5, 10, 35, and 50 h). The trip-
licates of the samples (NCs and EE) were conditioned in glass
test tubes hermetically sealed, which prevented the oxygen
interference on carotenoid degradation. These test tubes con-
taining the samples (NCs and EE) were placed in a chamber
and on magnetic stirrers, which ensured the UV–vis light irra-
diation of the whole sample. The storage temperatures and
the irradiation of the samples were controlled using a refrig-
erator system and four 9 W white lamps (3400 lm;  4600 lux;
external structure of glass; 26 × 604 mm),  respectively. The �-
carotene, �-carotene, and lutein retention was analyzed by
HPLC and was used to determinate the kinetic parameters
using SigmaPlot 12.0 software.

2.7.  Experimental  design  and  statistical  analysis

The NCs and EE formulations were performed in triplicate
and the experimental design was completely randomized. The
results of carotenoids retention during thermal and UV–vis
light treatment was reported in graphics (SigmaPlot 12.0
software), represented by mean and standard deviation of trip-
licates. While k and Ea (activation energy) were calculated,
respectively, through the Excel

®
software 2013 and the Arrhe-

nius equation (Eq. (3)).

k = Ae
−Ea
RT (3)

where k (reaction constant), A (constant of Arrhenius equa-
tion), Ea (activation energy; kJ/mol), R (universal constant of
gases; 8.3144 J/mol/K) and T (absolute temperature; ◦K).

3.  Results  and  discussion

3.1.  NCs  characterization

During the characterization of NCs suspension, the
carotenoids (�-carotene, �-carotene, and lutein) added to
the formulation were localized in the nanocapsules core
because of the 100% encapsulation efficiency. The total reten-
tion of carotenoids in the NCs and aqueous phase of NCs
were 25.62 �g/mL and 0 �g/mL, respectively, which provided
an encapsulation efficiency of 100%. Ourique et al. (2008)
evaluated the physicochemical characterization of retinoic
acid-loaded nanocapsules, prepared by interfacial deposition
of the preformed polymer with poly-�-caprolactone as the

wall material and two different oily phases (capric/caprylic
triglycerides; sunflower seed oil), and observed high encap-
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Fig. 1 – Behavior of the NCs particle size distribut

ulation efficiency (>99.90%). The method, to produce the
anocapsules, proposed in this study and the recently men-

ioned provide high encapsulation efficiency of approximately
00% (Venturini et al., 2011).

The pH of the NCs and EE formulation was 3.21 ± 0.04 and
.57 ± 0.08 (apparent pH), respectively. The pH of the NCs for-
ulation obtained in this study was lower than that reported

n other studies (Frozza et al., 2010; Santos et al., 2015; Siqueira
t al., 2011). One possible reason for this may be the extraction
f other compounds such as flavonoids during the ethano-

ic extraction of carotenoids, influencing the pH value of the
xtract. Since several studies report the existence of flavonoids
s catechin and epicatechin in different genotypes of carrot
Bozalan and Karadeniz, 2011; Rakcejeva et al., 2012).

The particle size distribution demonstrated monomodal
ehavior in both the diameter techniques (LD and DLS),
s shown in Fig. 1. The mean diameter of the NCs using
he LD (volume-weighted mean diameter; D4,3) and DLS (z-
verage) were 151.33 ± 5.03 and 180.30 ± 0.70 nm,  respectively.
his is consistent with other studies using the same technique

Mazzarino et al., 2012; Rigo et al., 2014; Santos et al., 2015).
The interfacial deposition of the preformed polymer

ethod, known as nanoprecipitation, is suitable for the
anosuspension production with a monomodal particle size
istribution (Mora-Huertas et al., 2010). The monomodal
ehavior of the particle size distribution is important because

t confirms the absence of micrometric size particles in the
anocapsule suspension. The span and PDI values were
.37 ± 0.10 and 0.1 ± 0.03, respectively, demonstrating a high
egree of NCs homogeneity.

The log D values were 15.51 (�-carotene), 15.46 (�-carotene)
nd 11.78 (lutein). Oliveira et al. (2013) report that compounds
ith a log D higher than 2.0 are poorly soluble in water. Based
n this information we  can assert that all the carotenoids
dded to the formulation are located in the nanocapsules core.

Thus, the results mentioned above demonstrate that it
as possible to produce nanocapsules with the core loaded

y a blend of carotenoids (�-carotene, �-carotene, and lutein)
hrough the interfacial deposition of the preformed polymer
PCL).

Of the various studies investigating the zeta potential value
f the distinct nanoparticle suspensions, the study by Zanotto-
ilho et al. (2013) produced lipid-core nanocapsules loaded
ith curcumin using PCL (wall material) and polysorbate

0 (surfactant) by interfacial deposition of preformed poly-
er,  and obtained zeta potential values of −9.56 ± 0.66. These

alues in module are lower than that found in our study
−22.66 ± 0.52), probably due to the extraction of other com-

ounds in the EE of carotenoids; these can be located at the
article/water interface, thereby altering the zeta potential.
sing both the diameter techniques (LD and DLS).

Thus, the EE that finally formed the nanocapsules’ core was
one of the responsible factors for suspension charge, which
is represented by the zeta potential. In relation to the other
factors that exert influence on the zeta potential, according to
Mora-Huertas et al. (2012) we can indicate composition and pH
of the aqueous phase. According to a study published by Desu
et al. (2013), the NCs formulation was physically stable because
of Tween 80 (nonionic surfactant) presence, which provides a
minimal sedimentation of the dispersion through steric hin-
drance of particle interactions, preventing flocculation.

The NCs characterizing parameters corroborate the results
found by Silva et al. (2016). This work, produced by the same
research group from the current manuscript, was essential for
further investigations.

3.2.  NCs  stability  under  thermal  treatment  in  the  dark

Fig. 2 (Mean ± standard deviation; the standard deviations are
not visible, since they are very low) shows the retention of
carotenoids (�-carotene, �-carotene, and lutein) in the NCs
and EE under thermal treatment (70, 80, and 90 ◦C). The ther-
mal  stability kinetics of �-carotene, �-carotene, and lutein
in nanoencapsulated and free form were fitted to first-order
kinetics with a determination coefficient r2 > 0.82 and r2 > 0.88,
respectively. In general, thermal degradation of carotenoids
follows a first-order reaction (Knockaert et al., 2012; Lim et al.,
2014; Saxena et al., 2012; Zepka et al., 2009).

Fig. 2 shows that the rate of carotenoid (�-carotene, �-
carotene, and lutein) retention decreased with the increase
in incubation time at 70 (NCs and EE), 80 (NCs), and 90 ◦C
(NCs) and with the increase of incubation temperature (NCs).
This result is consistent with that reported by Sáiz-Abajo et al.
(2013), which aimed to evaluate the protective effect of casein
nanomicellar structure against thermal degradation of the
encapsulated �-carotene. They observed that longer periods
of heat exposure provided higher rates of �-carotene degra-
dation because the loss of encapsulated �-carotene in casein
micelles were 30.90% (8 h at 80 ◦C) and 14.10% (0.5 h at 80 ◦C).

A nanoencapsulated �-carotene system with PCL polymer
provides higher thermal protection to the bioactive compound
than the non-encapsulated �-carotene system, affirming
that the nanoencapsulated compound system decreases the
required amount of substance that must be added dur-
ing the development of a thermally processed food product
(González-Reza et al., 2015). This lower degradation of encap-
sulated bioactive compounds was observed in the present
study, since at 70 ◦C there was a �-carotene retention of
73.34 ± 0.32% (nanoencapsulated form) and 31.64 ± 0.04% (free

form); �-carotene retention of 66.37 ± 0.20% (nanoencapsu-
lated form) and 26.68 ± 0.07% (free form); lutein retention of
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Fig. 2 – Total retention of carotenoids during thermal treatment (70, 80, and 90 ◦C) of the NCs and EE for 180 min  in the dark.

Table 1 – Rate constants (k) and activation energy (Ea) values of degradation kinetics of carotenoids (�-carotene,
�-carotene, and lutein) contained in the NCs and EE during thermal treatment (70, 80 and 90 ◦C) for 180 min  in the dark.

Carotenoid Rate constants k × 10−3 (min−1) Ea (kJ mol−1)

70 ◦C 80 ◦C 90 ◦C

Free �-carotene 6.3 – – –
Nanoencapsulated �-carotene 1.5 2.9 4.4 54.77
Free �-carotene 7.0 – – –
Nanoencapsulated �-carotene 2.1 3.4 6.2 55.19
Free lutein 2.9 – – –

2.9 
Nanoencapsulated lutein 1.9 

68.87 ± 0.03% (nanoencapsulated form) and 56.19 ± 0.03% (free
form) (Fig. 2).

The higher temperatures lead to greater carotenoid losses
because of carotenoids degradation due the formation of iso-
merization (trans–cis) and/or oxidation products as well as
volatile and low molecular weight compounds that cannot be
detected by HPLC (Zepka et al., 2009).

Carotenoid loss under heating occurs concomitantly with
the formation of isomers and directly depends on the
food system, carotenoid type, and applied temperature
(Achir et al., 2010; Hwang et al., 2012). During the ther-
mal  treatment of trans-�-carotene, some isomers, such as
9-cis-, 13-cis-, and 15-cis-�-carotene, are formed (Ribeiro and
Oliveira, 2013). Moreover, Tang and Chen (2000) measured
the stability of freeze-dried carotenoid powder extracted
from carrot pulp during dark storage at 4, 25, and 45 ◦C
and found the presence of isomers. Under the previously
described conditions, 13-cis-�-carotene, 15-cis-�-carotene, 9-
cis-�-carotene, and 13,15-di-cis-�-carotene were formed from
all-trans-�-carotene; 13-cis-�-carotene, 9-cis-�-carotene, 15-
cis-�-carotene were formed from all-trans-�-carotene; and
9-cis-lutein and 13-cis-lutein were formed from all-trans-

lutein. Therefore, trans-cis isomerization causes the color
4.6 44.81

changes in heat-treated food products. In addition, the isomer-
ization reaction alter the biological properties of carotenoids,
leading to reduced pro-vitamin A activity and antioxidant
capacity (Schieber and Carle, 2005).

Table 1 shows the k and Ea during the degradation of
�-carotene, �-carotene, and lutein in the nanoencapsulated
and free form under thermal treatment (70, 80, and 90 ◦C) for
180 min. These kinetic parameters provide useful information
on the changes in the food quality occurring during thermal
processing (Ahmed et al., 2002). The degradation rate con-
stants (k) quantifies the speed of a chemical reaction, while the
activation energy is the lower energy required for a chemical
reaction to occur.

Comparing the three carotenoids (�-carotene, �-carotene
and lutein; free and nanoencapsulated form) at 70 ◦C, a higher
thermal degradation rate constant (k) was observed when
these compounds were free (Table 1). This demonstrates that
the degradation of �-carotene, �-carotene and lutein occurs
more rapidly when they are unprotected (free).

In addition, compared to other carotenoids, nanoencapsu-
lated lutein has lower activation energy (Ea) (Table 1). This
result is in agreement with that reported by Henry et al.

(1998) who evaluated the thermal degradation kinetics of
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Fig. 3 – Total retention of carotenoids in the NCs and EE

arotenoids in safflower seed oil at 75, 85, and 95 ◦C and found
hat the Ea value for lutein and �-carotene was 104.18 and
09.62 kJ mol−1, respectively. The hydroxyl groups present in
he chemical structure of lutein form bonds with the poly-

eric wall material leading to easier lutein degradation when
ompared to other carotenoids.

A previous study (Giménez et al., 2015) on the thermal
egradation kinetics (30, 50, 70, and 90 ◦C) during 6 h of
atural yellow colorants in a model system (ethanol:water;
:2; v/v) obtained by �-carotene and lutein revealed Ea val-
es of 6.49 kJ mol−1 and 3.18 kJ mol−1, respectively. The Ea
alues were 54.77 kJ mol−1 for �-carotene and 44.81 kJ mol−1

or lutein; these values are higher than those reported
y Giménez et al. (2015) for free �-carotene and lutein.
obato et al. (2015) reported that the Ea value of nanoen-
apsulated bixin (99.62 kJ mol−1) was higher than that of
ree bixin (63.01 kJ mol−1) at temperatures of 65, 80, and
5 ◦C for 125 min. Therefore, nanoencapsulation protects the
ompounds entrapped in the nanocapsules core. Accord-
ng to González-Reza et al. (2015), this protection capability
f nanoparticles is attributed to the presence of poly-�-
aprolactone polymer in the wall.

However, the Ea values strongly depend on the experi-
ental conditions. For example, Hadjal et al. (2013) studied

he thermal degradation kinetics of the lutein from blood
range in different models and real food systems at 67.5 ◦C
nd reported the following Ea values: real juice (65.02 kJ mol−1),
odel system 1 (esterified form; pH 3.5; 88.24 kJ mol−1), model

ystem 2 (free form; pH 3.5; 98.28 kJ mol−1), and model system
 (free form; pH 7.0; 60.08 kJ mol−1).

The thermal degradation rate constants of nanoen-
apsulated �-carotene, �-carotene, and lutein increased
oncurrently with the increase in incubation temperature

Table 1). This behavior was also observed by Aparicio-Ruiz
t al. (2011), who  investigated the thermal degradation kinetics
ing UV-visible light treatment (5, 15, and 25 C) for 50 h.

of lutein, �-carotene, and �-cryptoxanthin by incubating virgin
olive oils at 60 ◦C (744 h), 80 ◦C (370 h), 100 ◦C (64 h), and 120 ◦C
(42 h). This trend was expected because higher temperatures
lead to higher degradation and oxidation of the carotenoids
(Lai et al., 2012).

The degradation kinetics rate constant (k) of the �-carotene
at 80 ◦C was 2.9 × 10−3 min−1 (Table 1). However, a recent
study (Chen and Zhong, 2015) evaluating the thermal sta-
bility of �-carotene (0.1%) dissolved in peppermint oil (3%)
microemulsified by Tween 20 (20%) obtained a rate constant
(k) of 22.94 × 10−3 min−1 at 80 ◦C. The higher rate constant (k)
is probably due to the lack of polymeric wall in the emulsion
systems.

The retention of carotenoids after 30 min  at 90 ◦C in the
NCs was 82.51 ± 0.03 (�-carotene), 79.90 ± 0.04 (�-carotene),
and 83.73 ± 0.03 (lutein); approximately only 20% of all the
three compounds was lost. Therefore, NCs can be applied in
food matrices that are thermally treated, for example, through
the pasteurization.

3.3.  NCs  and  EE  stability  under  UV–vis  light  and
different  temperatures

Fig. 3 (Mean ± standard deviation; the standard deviations are
not visible, since they are very low) shows the UV–vis light sta-
bility kinetics of the carotenoids contained in the NCs and EE.
Similar to the thermal degradation, the UV–vis light stability
kinetics was adjusted to a first-order reaction with a deter-
mination coefficient r2 above 0.94 (NCs) and 0.82 (EE) for the
three carotenoids. In general, the luminous degradation kinet-
ics of the carotenoids, such as �-carotene and lycopene, follow
a first-order model (Calvo and Santa-María, 2008; Chen and
Huang, 1998).
During the UV–vis light treatment at three different tem-
peratures (5, 15, and 25 ◦C), a decrease of the carotenoid
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Table 2 – Rate constants (k) and activation energy (Ea) values of degradation kinetics of carotenoids (�-carotene,
�-carotene, and lutein) contained in the NCs and EE during UV–vis light treatment (5, 15, and 25 ◦C) for 50 h.

Carotenoid Rate constants k × 10−3 (min−1) Ea (kJ mol−1)

5 ◦C 15 ◦C 25 ◦C

Free �-carotene 9.2 20.2 26.0 35.98
Nanoencapsulated �-carotene 2.1 4.1 7.1 41.42
Free �-carotene 11.5 26.9 29.1 32.22
Nanoencapsulated �-carotene 2.1 5.5 7.8 45.61
Free lutein 10.3 17.4 20.3 23.43
Nanoencapsulated lutein 1.9 3.9 6.1 39.33
(�-carotene, �-carotene and lutein) retention (%) was observed
in the NCs and EE (Fig. 3). For example, compared to
the initial amount of carotenoids (100%), the remaining
amount of �-carotene, �-carotene, and lutein at 25 ◦C after
50 h was 71.41 ± 1.09 (NCs) and 25.79 ± 0.12 (EE), 68.34 ± 0.62
(NCs) and 21.48 ± 0.13 (EE), 74.64 ± 0.04 (NCs) and 34.27 ± 0.03
(EE), respectively. In addition, this behavior was observed
during the photo-dependent treatment of other carotenoid
(�-cryptoxanthin), decreasing approximately 90% of its con-
tent after 24 h of incubation in hexane at 25 ◦C due to the
light-induced oxidation and isomerization (Li et al., 2015).
According to Chen et al. (1994), during UV–vis light treat-
ment of �-carotene and �-carotene in a model system (hexane)
with catalyst (iodine) at 25 ◦C, the isomer such as 13,15-di-cis-
�-carotene and 9-cis-�-carotene and 13-cis-�-carotene were
formed from all-trans-�-carotene and all-trans-�-carotene,
respectively.

The carotenoid (�-carotene, �-carotene, and lutein) reten-
tion was higher in the NCs than in EE, regardless of the
temperature and the storage time (Fig. 3), reaffirming that
nanoencapsulation is an effective alternative for preservation
of these bioactive compounds. Furthermore, this technique
allows a greater maintenance of carotenoids during storage
under light conditions.

Ourique et al. (2008) used tretinoin as the active com-
pound in a nano-size system and verified the importance
of a polymer in the nanometric system composition to pre-
vent tretinoin photodegradation after 1 h of exposure at an
artificial UV lamp (Phillips TUV lamp–UVC long life, 30 W).
The photodegradation rate constants (k) obtained for each
nanometric system were as follows: k for tretinoin-loaded
nanocapsules prepared with capric/caprylic triglycerides mix-
ture was 2.87 ± 0.14 and sunflower seed oil was 3.03 ± 0.44
in the oily phase and that for tretinoin-loaded nanoemul-
sion prepared with capric/caprylic triglycerides mixture was
3.22 ± 0.37 and sunflower seed oil was 3.70 ± 0.84 in the
oily phase. Nanocapsules of tretinoin provide higher protec-
tion against UV-induced photodegradationthan that by the
nanoemulsion, independent of the oily phase composition,
due to the crystallinity of the polymer that possesses the
ability of reflecting and scattering UV radiation that leads to
photoprotection (Jiménez et al., 2004). Wang et al. (2012) pre-
pared lutein microcapsules by a spray drying process with
porous starch and gelatin as wall material and free lutein
in solution. After 30 days of exposure in day light at room
temperature, the lutein retention was 89.50% in the microcap-
sules and 57.30% in the free lutein (Wang et al., 2012). Taken
together, these studies concluded that an encapsulated com-
pound presents higher maintenance than the free compound.

◦
During UV–vis light treatment (5, 15, and 25 C) for 50 h,
the rate constants (k) and activation energy (Ea) values of
carotenoid (�-carotene, �-carotene, and lutein) degradation
kinetics contained in the NCs and EE are presented in Table 2.
All the evaluated pigments had higher Ea in the nanoencap-
sulated form. Compounds with similar chemical structures,
such as �-carotene and �-carotene, showed similar Ea val-
ues, whereas lutein (encapsulated and free) exhibited the
lower Ea values due to the presence of hydroxyl groups
throughout their hydrocarbon chain. The results presented
in Table 2 agreed well with those represent in Fig. 3, assert-
ing that the nanoencapsulation technique can be used as
one of the ways to promote the protection of bioactive com-
pounds. Lobato et al. (2015) investigated the photo-stability
kinetics of the bixin in model system of ethanol:water (2:8) in
the presence of a 150 W filament lamp (36,000 lux) and noted
that the Ea value in the nanocapsules produced with PCL
(48.03 kJ mol−1) were higher than that in the free compound
solution (29.66 kJ mol−1).

Minguez-Mosquera and Jaren-Galan (1995) studied the
kinetics of �-carotene decoloring at different temperatures
(15, 25, 35, and 45 ◦C) and under illumination of 1000 lux in
a model system (ethanol). They found that the Ea value was
57.74 kJ mol−1 and rate constant (k; min−1) at 25 ◦C was 27.2.
This result is very similar to that observed in the present study
(26.0 min−1), which also used ethanol.

4.  Conclusions

The interfacial deposition of the preformed polymer tech-
nique allowed the nanocapsules production of a blend of
carotenoids (�-carotene, �-carotene, and lutein) extracted
from ‘Baltimore’ carrots. These nanocapsules presented a
nano-size diameter. In addition, the nanometric system pre-
pared showed a particle size distribution with monomodal
behavior in both mean diameter techniques (LD and DLS),
and the zeta potential suggested a high physical stability
of the system during a possible storage condition. In both
the conditions, thermal treatment in the dark and UV–vis
light treatment under different temperatures, a first-order
degradation reaction and a greater protector effect of the
nanocapsules on the carotenoids stability due to the pres-
ence of polymeric wall were observed. The nanocapsules of a
blend of carotenoids (�-carotene, �-carotene, and lutein) pro-
vide higher preservation of these compounds when compared
to the EE, which allows the use of carotenoids under thermally
treatment and exposure to light radiation.
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