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�e aim was to investigate rosemary extract with di�erent addition methods a�ecting the physicochemical stability ofWPI-coated
lutein emulsions and examine the correlations between lutein degradation and WPI oxidation during storage. First, lutein
emulsions containing di�erent concentrations of rosemary extract in the oil phase were prepared. Second, lutein emulsions
containing rosemary extract in the oil phase or water phase were studied along with the kinetic reaction of lutein degradation.
Moreover, the impact of rosemary extract on the oxidation of WPI and their products was also determined. It was noticed that
rosemary extract at 0.05 wt.% exhibited the best protection of lutein. According to the kinetics analysis of lutein degradation, the
direct addition of rosemary extract in the oil phase was more suitable for retarding the degradation of lutein in emulsion than the
addition in the aqueous phase due to it being partitioned at the interface. Meanwhile, it was revealed that the addition of rosemary
extract in the water phase exhibited better inhibition of theWPI oxidation than addition in the oil phase.�e understanding of the
association and driving forces of rosemary extract in emulsion systems may be useful for the application of rosemary extract in
multicomponent food systems.

1. Introduction

Lutein is a yellow pigment with two hydroxyl groups in the
conjugated polyene chain presented in fruits and vegetables
[1]. It has been reported that lutein has the functional
properties of reducing incidences of eye diseases such as age-
related macular degeneration and reducing the risk of
cardiovascular diseases, atherosclerosis, and cancer diseases
[2, 3]. However, the conjugated polyene chain of lutein is
susceptible to degradation during processing and storage.
�e degradation of lutein produced a number of initial

oxidation products, such as carbon-peroxyl triplet biradicals
and epoxides [4]. �ese reactions can lead to loss of color
and bioactivity of lutein in food products.

Dispersing the lipid soluble lutein into the oil phase of
oil-in-water emulsions could improve its oxidative stability
by emulsifying the oil phase solution with the aqueous phase
containing emulsi�ers [5]. Some studies have reported the
stability of delivery systems enriched with lutein [6, 7]. �e
oxidation mechanism of lutein was comprehensively
reviewed by Boon et al. [8]. Several factors could in�uence
the degradation of lutein in oil-in-water emulsions including
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size, droplet charge, interface thickness of emulsion droplets,
and the addition of antioxidants.

In addition, prooxidants such as transition metals, for
example, copper and iron, may lead to electron transfer
between lutein and metals by forming lutein radical cation.
-e formed radical can undergo lutein degradation reac-
tions, leading to lutein loss. In addition, lutein may react
with the resulting and already present free radicals by adduct
formation reactions or hydrogen abstraction, leading to
lutein loss [9]. -erefore, the addition of antioxidant such as
transition metal chelators (EDTA) or free radical scavengers
(e.g., deferoxamine, α-tocopherol, and TBHQ) to emulsions
was useful to increase emulsion chemical stability [10].

-e use of synthetic antioxidants has become consumers’
concern regarding their safety, which promotes the food
industry to seek more natural alternatives [11]. Rosemary
extracts contain different kinds of components such as
rosmarinic acid, carnosic acid, and carnosol that provide one
of the major sources of natural antioxidants, which are
applied commercially at present in food products [12].-ere
are studies that showed rosemary extract and rosmarinic and
carnosic acids were more effective when added to bulk oil
than emulsified corn oil. However, it was also reported that
rosmarinic acid probably acted as a prooxidant in emulsions.
It was interesting to find that rosemary extracts, carnosic
acid, and carnosol efficiently prevented hydroperoxide
formation in bulk soybean oil, whereas they exhibited
prooxidant activity in emulsions [13]. Lipid oxidation oc-
currence in emulsions at the surface of oil droplets instead of
in the aqueous phase is expected to be the reason for this
phenomenon.

Natural antioxidants are particularly difficult to evaluate
in emulsions due to the complicated interfacial properties
influencing the partition of the antioxidants in multiphase
food systems [14]. According to the polar paradox hy-
pothesis, lipophilic compounds are better antioxidants in
oil-in-water emulsion, while hydrophilic antioxidants are
more effective in the nonpolar system. However, it was
reported that some antioxidative compounds did not follow
the polar paradox due to the partitioning of antioxidants
between the oil and water phases. It was reported that an-
tioxidant activity is dependent on different parameters and
that polarity is not the only factor to be taken into account
[15, 16].

Whey protein is a useful emulsifier and can inhibit the
oxidation of dispersed phase by preventing the penetration
of prooxidants into the emulsified droplet [17, 18]. It was
found that tryptophan, cysteine, and methionine had the
most effective antioxidant activities in proteins. Tryptophan
played an important role in antioxidation by allowing ox-
ygen radicals to quench its indolic hydrogen due to serving
as a hydrogen donor [19]. Amino acid residues such as
tryptophan located at the interface of the oil droplets in
emulsions might be preferentially impacted by oxidizing the
unsaturated oil phase [20].

It has been a challenging topic for food researchers to
understand antioxidant behaviors in complex food systems.
Antioxidant could be dynamically distributed between oil
and water phases in emulsions.-e influence of the addition

of rosemary extract in the different phases on the stability of
the functional components in emulsion is unclear. -ere-
fore, we evaluated the influence of addition methods (in the
oil phase or water phase) of a commercial rosemary extract
on the degradation of lutein in oil-in-water emulsions. -e
kinetic parameter reaction rate constants of process of lutein
chemical stability test were presented. Moreover, the impact
of rosemary extract on the oxidation of WPI and their
products was also determined using spectrofluorometry.-e
relationship between WPI oxidation and lutein degradation
was established. Moreover, the physical stability was eval-
uated by changes of particle size, zeta-potential, and in-
stability index of lutein emulsions before and after storage.
-e study focused on developing a delivery system with
proper antioxidant addition methods that improved oxi-
dative stability for bioactive compound and protein.

2. Materials and Methods

2.1. Materials. Rosemary extract (Shenzhen Hua pure
Biotechnology Co., Ltd.) was analyzed to contain 9.01%
carnosol, 9.06% carnosic acid, 2.16% rosmarinic acid, 4.02%
oleanolic acid, and 13.3% ursolic acid. Lutein powder
(purity> 97%) was obtained from Nanjing Zelang Phar-
maceutical Technology Co., Ltd. (Nanjing, China). Whey
protein isolate (WPI) was obtained from Jinan SAN
Chemical Co., Ltd. (Jinan, China). -e manufacturer re-
ported that it contained 97.6% protein (dry basis). Medium-
chain triglyceride (MCT) oil was purchased from Lonza Inc.
(Allendale, NJ, USA). Sodium azide was obtained from
Sigma-Aldrich (St. Louis, MO). All other reagents were of
analytical grade.

2.2. Lutein Emulsion Preparation. WPI was dissolved in the
5.0mM phosphate buffer at pH 7.0. 1.0 M NaOH was added
to adjust the pH of the solution to 7.0 if necessary. -e
solutions were kept overnight to ensure complete dissolu-
tion and dispersion. Sodium azide (0.01 wt.%) was added in
WPI solution to prevent microbial growth.

Lutein emulsion (0.5 wt.%WPI) was prepared by adding
5 wt.% MCT oil containing lutein (0.06 wt.% in the final
emulsion) as the dispersed phase to 95 wt.% aqueous phase
solution at room temperature. -e mixture was then pre-
homogenized using an Ultra-Turrax high-speed blender
(B25 model, Shanghai Beierte experimental equipment Co.,
Ltd.) at a speed of 19000 rpm for 3min to form coarse
emulsions, which were then passed through a microfluidizer
processor (M-110PS model; Microfluidics International
Corp., Newton, MA) three times at 50MPa. After that, the
pH was adjusted to 7.0 using 1.0 M HCl or NaOH. To
prepare emulsions for chemical analysis, samples were di-
luted with 5mM phosphate buffer solution to a total oil
content of 1 wt.% and then transferred into screw-capped
brown bottles flushed with nitrogen.

To study the effect of rosemary extract on the stability of
lutein in emulsions, rosemary extract was added to oil phase
(MCT) of lutein emulsion at a final concentration of 0, 0.02
wt.%, 0.05 wt.%, and 0.1 wt.%, respectively. To study the
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influence of rosemary extract added in the oil phase and
water phases on the oxidation of lutein and WPI in WPI-
stabilized emulsions, rosemary extract was added to the oil
phase and water phase at a final concentration of 0.05 wt.%,
respectively.

2.3. Determination of Particle Size. Particle size of WPI-
coated lutein emulsions with different concentrations and
different addition methods of rosemary extract before and
after storage was measured by dynamic light scattering using
a Zetasizer Nano-ZS90 (Malvern Instruments, Worcester-
shire, UK) at a fixed detector angle of 90°. To avoid multiple
scattering effects, emulsions were diluted with the same
phosphate buffer solution to a final oil droplet concentration
of 0.005 wt.% prior to each measurement. Results were
described as cumulants mean diameter (size, nm) for droplet
size.

2.4. Measurement of Zeta-Potential. -e electrical charge
(zeta-potential) of WPI-stabilized lutein emulsions with
different concentrations and different addition methods of
rosemary extract before and after storage was determined
using a particle electrophoresis instrument Zetasizer Nano-
ZS90 (Malvern Instruments, Worcestershire, UK). Emul-
sions were diluted to a droplet concentration of 0.005 wt.%
using buffer solution prior to each measurement to avoid
multiple scattering effects. -e instrument used the Smo-
luchowski approximation to obtain the zeta-potential of the
droplets.

2.5. Physical Stability Analyzed by LUMiSizer. -e physical
stability of WPI-stabilized lutein emulsions with different
concentrations and different addition methods of rosemary
extract before and after storage was measured with the
LUMiSizer (LUM GmbH, Berlin, Germany). It employs
centrifugal sedimentation to accelerate the occurrence of
instability phenomena. -e integration graph characterizes
the transmitted NIR light as a function of time and position
over the entire sample length. -e percentage of light ab-
sorbance per hour was described as the “instability index.”
-e instrumental parameters used for the measurement
were set as follows: volume, 1.8ml of dispersion; 3000 rpm;
timeExp, 7650 s; time interval, 30 s; and temperature, 25°C
[21].

2.6. Chemical Stability of Lutein Emulsion. -e degradation
of lutein emulsion was measured bymeasuring the change of
lutein content in the emulsions during storage in the dark at
55°C. WPI-coated lutein emulsions with different contents
and different addition methods of rosemary extract were
transferred into screw-capped brown bottles flushed with
nitrogen. -e lutein content was measured during the
storage at 55°C for 7 days. Lutein in emulsion was extracted
with ethanol and n-hexane. After that, the absorbance at
440 nm was measured using a Shimadzu UVmini-1240 UV-
vis spectrophotometer. -e content of lutein during the
storage was obtained by referring to a standard curve of

lutein prepared under the same condition. -e content of
lutein in emulsions was calculated as relative lutein C in
percent: C(t)/C0, where C(t) was the lutein concentration
after storage for a period t and C0 was the lutein concen-
tration before storage [22].

2.7. WPI Oxidation. -e oxidation of WPI in lutein
emulsion was measured by measuring both the loss of
tryptophan fluorescence and the emission of fluorescence by
protein oxidation products in emulsions using fluorescence
spectroscopy (RF-5301PC, Shimadzu Corp.). Lutein emul-
sion samples (e.g., without rosemary extract and with the
addition of 0.05 wt.% rosemary extract in the oil phase or
water phase) before and after different storage were dis-
pensed in a quartz spectrofluorometer cell. -e emission
spectra of tryptophan were recorded at 362 nm with the
excitation wavelength established at 283 nm. Emission
spectra of WPI oxidation products were recorded at 714 nm
with the excitation wavelength set at 390 nm [23].

2.8. Statistical Analysis. All emulsions were prepared in
duplicate, and all measurements were performed in three
times. Data were analyzed by analysis of variance (ANOVA)
using the software package SPSS 12.0 for Windows (SPSS
Inc., Chicago, IL).

3. Results and Discussion

-e paper was organized in three different parts. First, the
impact of the addition of different concentrations of rose-
mary extract on the physical and chemical stabilities of lutein
emulsions was determined. In the second part, the stability
of the lutein emulsions containing rosemary extract in the oil
phase or water phase was presented. -e degradation of
lutein in emulsions was modeled with the first-order kinetic
reaction. In the third part, the effect of rosemary extract
addition method (in the oil phase or water phase) on the
WPI oxidation in emulsion was assessed.

3.1. Impact of Rosemary Extract Concentration on the
Physical Stability of LuteinEmulsion. -e particle size, zeta-
potential, and instability index of lutein emulsions were
measured as a function of different concentrations of
rosemary extract in the oil phase. An understanding of the
effect of rosemary extract at different concentrations on the
physical property can provide the basis for the chemical
stability of lutein emulsions.

-emean particle size was measured before and after the
lutein emulsions and 0, 0.02 wt.%, 0.05 wt.%, and 0.1 wt.%
rosemary extracts were stored for 7 days at 55°C, respectively
(Figure 1(a)). -e droplet size of lutein emulsions without
and with different concentrations of rosemary extract did
not show any significant differences (216.8± 3.2, 220.1± 4.1,
220.8± 2.0, and 216.1± 3.9 nm, respectively). After storage,
the mean droplet size of all the four lutein emulsions was
slightly increased but did not significantly change during
storage (Figure 1(a)), thus indicating that the emulsions
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were stable regarding droplet coalescence and Ostwald
ripening.

As can be seen in Figure 1(b), there were no significant
differences in the zeta-potential of the presence of various
concentrations of rosemary extract in lutein emulsions at 0
days compared with the control (the absence of rosemary
extract). -e droplets of lutein emulsions with 0, 0.02 wt.%,
0.05 wt.%, and 0.1 wt.% rosemary extract exhibited high
negatively charged surfaces ranging from − 37.1± 3.2 to
− 39.3± 1.9mV (P> 0.05), indicating that there was enough
electrostatic repulsion between the lutein droplets to prevent
them from coming into close proximity.

After 7 days of storage, the zeta-potential of the lutein
emulsion droplets with different concentrations of rosemary
extract seems to be slightly more negative in comparison
with the values at 0 days. However, there were no significant
differences in the zeta-potential values in this study (P> 0.05).

It was reported that slight decreases in a negatively charged
surface of proteins could be attributed to the loss of cationic
species such as amines that might react with aldehydes from
lutein oxidation [20].

-e effect of the addition of rosemary extract on the
instability index of lutein emulsion using LUMisizer was
demonstrated in Figure 1(c). It was observed that the ad-
dition of rosemary extract did not affect the instability index
of lutein emulsions. However, thermal treatment during
storage slightly decreased the instability indexes. It has been
reported that when whey-protein-coated droplets are
heated, the layer of adsorbed proteins undergoes confor-
mational changes, leading to exposure of nonpolar and
sulfhydryl groups. -ereby, the hydrophobic attraction
between the droplets probably was increased [24].

Overall, the results of droplet size, zeta-potential, and
instability index proved the insignificant influences of
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Figure 1: Effect of the different concentrations of rosemary extract (RE) (in the oil phase) on the droplet size (a), zeta-potential (b), and
instability index (c) ofWPI-stabilized lutein emulsion before storage (0 days) and after storage (7 days) at 55°C. Data points represent means
(n� 3)± standard deviations.
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different concentrations of rosemary extract on the physical
stability of lutein emulsion. Meanwhile, before and after
storage, all the four lutein emulsions (without and with
different concentrations of rosemary extract) were stable to
droplet aggregation.

3.2. Impact of Rosemary Extract Concentration on the
Chemical Stability of Lutein Emulsion. Figure 2 shows the
impact of rosemary extract concentration on the chemical
degradation of lutein in oil-in-water emulsions during
storage at 55°C accelerated degradation tests. As shown in
Figure 2, the protective effect of rosemary extract was ob-
served at the three concentrations (0.02 wt.%, 0.05 wt.%, and
0.1 wt.%) in comparison with the control (without rosemary
extract). After storage for 7 d, the lutein emulsion without
rosemary extract exhibited a lutein loss of 45.5%, while those
with rosemary extract of 0.02 wt.%, 0.05 wt.%, and 0.1 wt.%
exhibited lutein losses of 28.3%, 12.1%, and 24.1%, respec-
tively. -e best chemical stability of lutein emulsion was
achieved for the addition of 0.05 wt.% rosemary extract
followed by 0.1 wt.% and 0.02 wt.%, respectively. More
rosemary extracts with concentration of 0.1 wt.% decreased
their effectiveness and even caused prooxidative effect. In
addition, it was suggested that phenolic antioxidants become
prooxidants by regenerating peroxyl radicals [25, 26].

-e effective protection of lutein by rosemary extract was
due to its composition containing 9.01% carnosol, 9.06%
carnosic acid, 2.16% rosmarinic acid, 4.02% oleanolic acid,
and 13.3% ursolic acid.-e effect of adding rosemary extract
and its constituents, carnosol, carnosic acid, and rosmarinic
acid, in bulk oil and emulsion has been noted by Frankel
et al. [13]. It was mentioned that rosemary extract, carnosol,
and carnosic acid were effective antioxidants in corn oil
emulsions. Rosemary extract was described as an antioxi-
dant that scavenges hydroxyl radicals and peroxyl radicals,
preventing lipid peroxidation [26]. -erefore, rosemary
extract showed the effective antioxidant properties in the
lutein emulsions.

It was also reported that the charge effect of hydrophilic
antioxidant ascorbic acid on pigment stability was a function
not only of concentrations but also the presence of transition
metal ions. According to Qian et al., ascorbic acid could act
as a prooxidant attributed to its ability to convert ferric ions
into more reactive ferrous ions, which promoted the for-
mation of free radicals [27]. -erefore, it was very useful to
understand the effect of rosemary extract content on the
degradation of lutein emulsion. At higher concentrations, it
might negatively affect lutein stability. In this study, it was
shown that the addition of 0.1 wt.% extract had a less positive
effect on lutein stability compared with 0.05 wt.% extract,
which was probably due to high amounts of antioxidants
acting counterintuitively as a prooxidant. Panya et al. proved
that rosmarinic acid and α-tocopherol in the oil phase of the
emulsion exhibited strong synergistic interactions in water-
in-oil emulsions containing lutein [28]. It was reported that
this interaction resulted in the formation of caffeic acid from
rosmarinic acid, which would enhance the oxidative stability
of the emulsion. A similar interaction between rosemary

extract and lutein might be occurring in the lutein emulsions
studied in this work.

3.3. Influence of the Addition of Rosemary Extract in Different
Phases on the Physical Stability of Lutein Emulsion. -e
droplet size, surface charge, and instability index of lutein
emulsions were measured in the present and absence of
rosemary extract in both the oil and water phases
(Figures 3(a)–3(c)). -e droplet size of the lutein emulsions
without and with rosemary extract in oil and water phases
did not change remarkably after storage at 55°C for 7 days,
indicating that the three lutein emulsions were relatively
physically stable. Before and after storage, zeta-potential was
similar for the three lutein emulsions. -e slight decrease of
zeta-potential after storage could be attributed to the
products of lutein oxidation interacting with the amine
groups of protein or causing protein confirmation changes
[20]. No obvious change of instability index was observed in
lutein emulsions without and with rosemary extract in the
oil or water phases. -ere were decreases in the instability
index of the three lutein emulsions after storage. It was
probably due to the heat inducedWPI interaction increasing
the interfacial layer thickness and resulted in droplet in-
teractions being dominated by steric hindrance [29]. It
indicated that there were no significant differences in the
physical stability between the additions of rosemary extract
in the oil and water phases.

3.4. Influence of the Addition of Rosemary Extract in Different
Phases on the Chemical Stability of Lutein Emulsion. -e
course of the degradation of lutein emulsion with rosemary
extract in the oil phase or water phase at 55°C was presented
in Figure 4. It was found that the addition of rosemary
extract in the oil phase or water phase of lutein emulsion
inhibited lutein loss during storage. -e protection effect of
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Figure 2: Effect of the different concentrations of rosemary extract
(in the oil phase) on the degradation of lutein in WPI-stabilized
emulsions during the storage at 55°C. Data points represent means
(n� 3)± standard deviations.
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the addition of rosemary extract in the oil phase of lutein
emulsion was much better than that in the water phase. For
the emulsion in the absence of rosemary extract, lutein
degraded rapidly with 45.5% loss after 7-day storage. For
the lutein emulsion in the presence of rosemary extract in
the oil phase and water phase, lutein degraded with 12.4%
and 25.9% losses after 7-day storage, respectively. It proved
that the presence of rosemary extract in the oil phase was
more suitable for retarding the degradation of lutein in
emulsion.

It was found that the first-order kinetic reaction was
suitable for the process of lutein loss during the heat
chemical stability test. -e absolute values of the kinetic
parameter reaction rate constantK and the goodness of fit R2

were presented in Table 1. -e lower K was, the higher
chemical stability of lutein emulsion was. It showed that
reaction rate constantKwas dependent on the concentration

of rosemary extract and the addition methods. -e degra-
dation reaction rate constant K of lutein emulsions with
different concentrations and different addition phases was in
the order of 0.05 wt.% oil phase (0.81× 10− 3·h− 1)< 0.1 wt.%
oil phase (1.57×10− 3·h− 1)< 0.02 wt.% oil phase
(2.05×10− 3·h− 1)< 0.05 wt.% water phase (2.34×10− 3·h− 1) <
control (4.04×10− 3·h− 1).

-e first-order fitting of lutein degradation was in ac-
cordance with other researches [30]. -e first-order reaction
for chemical stability of lutein emulsion proved that the
mechanisms of degradation of carotenoids were similar. It
also indicated that the kinetic parameter of carotenoids
degradation was dependent on the content and addition
phase of antioxidants used. Moreover, the presence of the
rosemary extract in the oil or aqueous phase of the lutein
emulsions did not change the type of chemical reaction
acting on the lutein.
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Figure 3: Effect of the rosemary extract (RE) addition in different phases (oil and water phase) on the droplet size (a), zeta-potential (b), and
instability index (c) ofWPI-stabilized lutein emulsion before storage (0 days) and after storage (7 days) at 55°C. Data points represent means
(n� 3)± standard deviations.
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In the present study, the addition of rosemary extract in
the oil phase was significantly more active than in the
corresponding water phase (P< 0.05). -e result can be
explained on the basis of the interfacial properties of the
antioxidants. It was assumed that, in the emulsion systems
used in this study, the polar rosemary extract in the oil phase
was more favorably partitioned at the interface than that in
the water phase, thus becoming more protective. -e trend
was in accordance with the reported results exhibiting that
the polar hydrophilic antioxidants ascorbic acid and Trolox
were much less protective in emulsion than in bulk systems
due to polar paradox [13].

3.5. Impact of Rosemary Extract in Different Phases on the
Oxidation ofWPI. -ere are some amino acids such as Cys,
Trp, and Met from proteins that present antioxidative po-
tentials with both metal-chelating and radical scavenging
activities [31]. WPI oxidation in lutein emulsion occurred
during the storage. Estévez et al. reported an approach for
the analysis of the protein-lipid interaction and protein
oxidation by the decrease of natural tryptophan fluorescence
and the increase in fluorescence protein oxidation products
through fluorescence spectroscopy [32]. -e effects of the

addition of rosemary extract in the different phases on the
oxidation of WPI in lutein emulsions by decrease of tryp-
tophan fluorescence (Figure 5(a)) and the increase in
fluorescence of protein oxidation products (Figure 5(b))
were shown.

When excited at 283 nm, tryptophan residue was the
only species to emit fluorescence in the range of 300–
400 nm. At the beginning, the addition of rosemary extract
in the oil phase or water phase in lutein emulsions did not
obviously affect the initial level of tryptophan fluorescence
compared with the absence of rosemary extract in emulsion.
-e tryptophan fluorescence decreased in the three lutein
emulsions samples during storage for 7 days. During the first
2 days, the loss of tryptophan fluorescence was slight, and the
differences of fluorescence intensity between the additions of
rosemary extract in the different phase and the control
sample were not significant (P> 0.05). After the storage for 3
days, the fluorescence intensity of WPI in lutein emulsions
was in the order of rosemary extract in the water pha-
se> rosemary extract in the oil phase> control (no rosemary
extract). However, there were no significant differences in
the fluorescence intensity of WPI between the additions of
rosemary extract in the oil phase and aqueous phase in lutein
emulsions. It would therefore indicate that the presence of
rosemary extract in the aqueous phase and oil phase of lutein
emulsions obviously improved the WPI stability. However,
there were no significant differences in the protection of
WPI between the additions of rosemary extract in the oil
phase and aqueous phase in lutein emulsions. It was indi-
cated that the presence of rosemary extract in the different
phases of WPI-stabilized lutein emulsions did not signifi-
cantly influence the oxidation of WPI. -is was probably
because most of the WPI molecules were adsorbed into the
interface and they could interact with rosemary extract in the
oil phase (transferring to the interface) and water phase
(much better solubility); therefore, the effects of the addition
of rosemary extract in the different phases on the WPI
oxidation were similar.

-e decrease of fluorescence intensity during storage of
WPI-coated lutein emulsions was attributed to the oxidative
degradation of tryptophan in the presence of free radical
formed during lutein oxidation. Transition metal ions also
acted as an initiator converting tryptophan into radicals
which could react with lutein leading to its degradation [32].
-e decrease of tryptophan fluorescence has been used as an
indicator of oxidation of casein and BSA in oil-in-water
emulsions [33].-e present result was in agreement with our
previous research on the influence of WPI oxidation on the
degradation of β-carotene in WPI-coated emulsions. It was
found that the tryptophan fluorescence of WPI decreased in
β-carotene emulsion during storage time and there was a
relationship between protein oxidation and β-carotene loss
[34].

-e influence of addition of rosemary extract in the
different phases on the WPI oxidation products was also
studied (Figure 5(b)). -e formation of WPI oxidation
products due to the reaction of its free amino groups in
lutein emulsions without and with addition of rosemary
extract in the oil phase and water phase was also detected

No addition
Addition in the oil phase
Addition in the water phase

0.5

0.6

0.7

0.8

0.9

1.0

1.1

C/
C 0

1 2 3 4 5 6 70
Storage time (d)

Figure 4: Effect of the rosemary extract (RE) addition in different
phases (oil and water phase) on the degradation of lutein in WPI-
stabilized emulsions during the storage at 55°C. Data points rep-
resent means (n� 3)± standard deviations.

Table 1: First-order reaction rate constant for heat degradation of
lutein emulsion with different concentrations and addition
methods of rosemary extract.

Different concentration and addition
methods of rosemary extract in lutein
emulsion

k (h− 1) R2

Control 4.04×10− 3 0.9304
0.02 wt.% in the oil phase 2.05×10− 3 0.9619
0.05 wt.% in the oil phase 0.81× 10− 3 0.9077
0.1 wt.% in the oil phase 1.57×10− 3 0.9421
0.05 wt.% in the water phase 2.34×10− 3 0.8796
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using fluorescence spectroscopy. As shown in Figure 5(b),
the fluorescence intensity emitted by WPI oxidation
products of the three lutein emulsions increased over storage
time. Before the storage, the formation of WPI oxidation
products was not influenced by the presence of rosemary
extract. It was probably due to the fact that the addition of
small molecular rosemary extract did not affect the structure
of WPI. After storage for 2 days, the addition of rosemary
extract in the oil phase and aqueous phase in lutein
emulsions obviously decreased the fluorescence intensity
compared with the absence of rosemary extract in emulsion.
Significant differences of fluorescence intensity were ob-
served between the additions of rosemary extract in the oil
phase and aqueous phase in lutein emulsions. -e presence
of rosemary extract in the water phase significantly de-
creased the content of WPI oxidation product compared
with that in the oil phase during the storage (P< 0.05).

It was revealed that the presence of rosemary extract in
the aqueous phase of lutein emulsion would be better to
inhibit the oxidation of WPI. -e correlated change trend of
fluorescence intensities of tryptophan and protein oxidation
products was expected, since they were generated fromWPI
oxidation. Lutein emulsion in the absence of rosemary
extract exhibited the greatest lutein degradation rate and the
highest WPI oxidation product, which was a good corre-
lation between the lutein loss and WPI oxidation. -e
greater protection of WPI in lutein emulsion with rosemary
extract in the water phase might be a function of the better
solubility of the rosemary extract mainly containing ros-
marinic acid, carnosic, and so forth in the aqueous phase
compared with that in the oil phase. -erefore, rosemary
extract in the water phase could effectively chelate iron and
scavenge free radicals for the WPI oxidation in lutein

emulsion. In addition, it was found that rosemary extract in
oil phase could provide active prevention against radicals
generated from lutein degradation; therefore, the prevention
of the radicals generated by WPI might be limited. Finally,
the interaction between WPI and rosemary extract could
also explain the strong protection of WPI oxidation. It was
reported that antioxidant compounds could interact with
amino acids [35].

4. Conclusion

Overall, the efficacy of rosemary extracts as antioxidants in
WPI-stabilized lutein emulsion depends on the concentra-
tion and addition method. Rosemary extract was the most
active at the certain optimal concentration of 0.05 wt.%.
Exceeding it resulted in a decrease of activity and even the
occurrence of a prooxidative effect. -e first-order reaction
kinetic parameter proved that the lutein degradation was
dependent on the content and addition phase of antioxi-
dants used. On the protection of lutein in emulsion, rose-
mary extracts performed better in oil phase than in water
phase, whereas, on the protection of WPI, rosemary extracts
performed better in water phase than in oil phase. It was
assumed that, in the emulsion systems used in this study, the
polar rosemary extract in the oil phase was more favorably
partitioned at the interface than that in the water phase, thus
becoming more protective. -e greater protection of WPI in
lutein emulsion with rosemary extract in the water phase
might be a function of the better solubility of the rosemary
extract mainly containing rosmarinic acid, carnosic acid, etc.
in the water phase compared with that in the oil phase. In
addition, it was found that rosemary extract in oil phase
could provide active prevention against radicals generated
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Figure 5: Decrease of tryptophan fluorescence (a) and increase of WPI oxidation products fluorescence (b) in WPI-stabilized lutein
emulsions with different addition methods of rosemary extract (RE) (in the oil or water phase) during the storage at 55°C. Data points
represent means (n� 3)± standard deviations.
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from lutein degradation; therefore, the prevention of the
radicals generated by WPI might be limited. As a result,
delivery system with rosemary extract can be developed for
the emulsification of hydrophobic compounds and also in
the protection of protein against oxidation during storage.
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