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Summary Astaxanthin (ASX) is a carotenoid characterised by numerous health-promoting properties but biased by

scarce chemical stability. Our aim was to microencapsulate ASX through ionic gelation to improve its sta-

bility and bioaccessibility, evaluating the performance of low-methoxyl pectin (LMP) and chitosan,

besides the most common alginate. Three formulations were tested: 3% pectin (Pec), 3%

pectin + chitosan shell (PecChi) and 1.5% alginate—1.5% LMP + chitosan shell. The results showed that

chitosan deposited onto PecAlChi and PecChi beads improved particle sphericity and limited oil oxidation

during processing. PecAlChi provided the highest encapsulation efficiency (87%) and bioaccessibility

(58%). The stability test at 65°C × 24 days showed different polymer-dependent degradation kinetics,

with PecChi providing the highest stability (48%). In conclusion, encapsulation performance strongly

depended on the chitosan shell and the gelling polymers. This suggests that tuning the alginate/pectin

ratio may lead to the best compromise between stability and bioaccessibility.
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Introduction

Astaxanthin (ASX) is a natural ketocarotenoid (3,30-
dihydroxy-β-β’-carotene-4,40-dione) present in many
marine and aquatic organisms. Unlike carotenes, it has
a polar region at either end of the ionone rings that
provide the structure with a partially amphiphilic
nature so that it fits precisely into the cell membrane
bilayer (McNulty et al., 2007). This characteristic gives
ASX extraordinary antioxidant capacity (Miki, 1991;
Shimidzu et al., 1996; Kobayashi & Sakamoto, 1999),
exerted by different mechanisms like singlet oxygen
quenching and free radical scavenging. The antioxi-
dant properties of ASX may play an essential role in
protecting against pathological conditions like inflam-
mation, cancer, ageing and macular degeneration, or
enhancing the immune response, liver function, skin
and cardiovascular health (Shah et al., 2016; Fakhri
et al., 2018; Simat et al., 2022). For these reasons,
ASX is currently being investigated as a potential

compound for producing functional foods and supple-
ments with improved benefits for human health.
The most common source of ASX is the green

microalgae Haematococcus pluvialis (H.p.), capable of
reaching up to 5% ASX on dry weight (Khoo et al.,
2019). Krill (Xie et al., 2019) and by-products deriving
from the processing of crustaceans (Simat et al., 2022)
represent other sustainable sources.
Natural ASX occurs as a mixture of mono- or di-

esters with fatty acids. Depending on the pattern of
esterification, the stability and the bioavailability are
different (Yang et al., 2021). In addition, while for
carotenoids, the all-trans form is generally considered
the most bioactive form, in the case of ASX, there is
evidence that the cis forms, originated from physical/
chemical stress, possess superior antioxidant capacity
(Liu & Osawa, 2007).
The intrinsic susceptibility to degradation mediated

by temperature, oxygen, light and extreme pHs
(Ambati et al., 2014) limits food and nutraceutical
applications of ASX. For this reason, different micro-
and nano-encapsulation approaches have been pro-
posed to improve the stability of ASX, i.e. emulsions*Correspondent: E-mail: gianni.zoccatelli@univr.it
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(Khalid et al., 2017), liposomes (Chiu et al., 2016),
lipid nanoparticles (Rodriguez-Ruiz et al., 2018), sol-
vent evaporation (Zanoni et al., 2019; Binatti et al.,
2021), spray-drying (Pu et al., 2011; Bustos-Garza
et al., 2013) and ionic (or ionotropic) gelation (Lee
et al., 2011; Lin et al., 2016; Vakarelova et al., 2017;
Zhang et al., 2017; Niizawa et al., 2019). In particular,
ionic gelation (IG) represents a promising technique to
microencapsulate ASX-containing oils and oleoresins.
The main advantages of this approach are the high oil
encapsulation efficiency (Chan, 2011), the possibility to
employ GRAS (generally recognised as safe) wall
materials and the low operating temperatures that help
prevent carotenoid degradation. In all studies dealing
with IG, ASX was encapsulated using alginate cross-
linked with bivalent calcium ions, even though in a
previous study, we showed that ASX could be encap-
sulated also in low methoxyl pectin (LMP) (Vakare-
lova et al., 2017). The rationale for using LMP, is
that, similarly to alginate, it possesses a relevant per-
centage of carboxyl groups that can be coordinated by
calcium ions to form egg-box-based gel structures. In
agreement with another study (Chan, 2011), we
showed that alginate was characterised by considerable
oil loss (4.3%) during drying despite its excellent
encapsulation aptitude. LMP, on the contrary, dis-
played much lowers oil losses (0.3%) and it is worth
noting that this polysaccharide also represents a more
sustainable material since it derives from by-products
of citrus fruit processing. Knowing the superior capac-
ity of LMP in limiting the loss of oil during encapsula-
tion, in the present work, we sought to investigate
further the effect of using alginate and LMP as gelling
polymers and the role of another important sustain-
able polymer, i.e. chitosan, as additional protective
shell material on important quality traits like loading
capacity, thermal stability and the bioaccessibility of
encapsulated ASX.

Materials and methods

Materials

Dried H.p. cells were provided by AlgainEnergy S.r.l.
Soybean oil was purchased in a local market. Na-
alginate was obtained from Merck KGaA (Darmstadt,
Germany, code W201502), food-grade low-methoxyl
pectin from citrus fruits was from Silva Extracts (Ber-
gamo, Italy). Pectin was characterised by 25–35%
degree of methylation and 20–25% degree of amida-
tion. Chitosan (deacetylation degree: >90%; molecular
weight: 240–810 kDa) was provided by Giusto Fara-
velli S.p.a. (Milano, Italy). A commercially available
food-grade soybean oil (Valsoia, Italy) was used to
solubilise H.p. oleoresin. Ethyl acetate, hydrochloric
acid, n-hexane, isooctane, calcium chloride dihydrate,

potassium iodide, sodium thiosulphate and p-anisidine
were purchased from Merck KGaA.

Algae extraction

H.p. oleoresin was extracted using a previously
described protocol with some modifications (Bustos-
Garza et al., 2013). Five grams of dry algae powder
were mixed with 1 mL of 3 M HCl and treated in a
microwave oven for 1 min at 100 W. The pretreated
algae were extracted with 25 mL of ethyl acetate in a
glass tube for 60 min under agitation at 50 °C. The
solid part was separated by centrifugation at 3500 g
for 10 min and discarded. The oleoresin was dried by
a rotary evaporator (Buchi, Flawil, Switzerland) at
35 °C and 10 kPa until the oleoresin weight remained
constant. The dried material was kept in the dark at
4 °C until use.

Spectrophotometric analysis

Quantification of astaxanthin was carried out by a
UV/VIS spectrophotometer (Unicam UV2). The sam-
ples were diluted in ethyl acetate and the absorbance
was measured at 480 nm. ASX concentration [ASX],
expressed as mg/mL, was calculated with the following
equation (Vakarelova et al., 2017):

ASX½ � ¼ 10� A480 x DF

E 1%; 1 cmð Þ � d
(1)

where A480 is the absorbance at 480 nm; DF the dilu-
tion factor; E(1%;1cm): ASX specific absorbance
(2150 g−1 L cm−1); d the optical path (1 cm).

Encapsulation

Pectin and Na-alginate were used for the encapsulation
of ASX-enriched oil. These polysaccharides form gels in
the presence of divalent cations (e.g. Ca2+). Three differ-
ent formulations were studied: (i) 3% Pectin (Pec), (ii)
3% pectin surrounded by a chitosan shell (PecChi) and
(iii) 1.5% pectin-1.5% alginate surrounded by a chito-
san shell (PecAlChi). The polymers were dispersed over-
night in distilled water under gentle stirring at room
temperature to allow their rehydration. Oleoresin was
solubilised in soybean oil (ASX-enriched oil), leading
ASX final concentration to be 1.3 mg g−1 and combined
with the polymer solutions at a polymer:oleoresin ratio
of 6:1 (w:w) as described in our previous study (Vakare-
lova et al., 2017). Smaller or greater ratios, in our expe-
rience, give either too soft or too much diluted (in terms
of payload) beads. Finally, the mixture was emulsified
using an Ultra-Turrax homogeniser (IKA-Werke, Stau-
fen, Germany) at 13 000 rpm for 5 min at room temper-
ature. The emulsion was dripped using a 0.6 mm-
diameter needle in the gelling solution consisting of 1%

� 2023 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd
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acetic acid, 0.2 M CaCl2, eventually containing 1% chit-
osan (Primex, Siglufjordur, Iceland) to provide the addi-
tional shell. The distance between the needle and the
surface of the gelling solution was set at 10 cm. The
beads were left to stir for 1 h to allow the polymers in
the solution to best interact with calcium ions and chito-
san. The beads were washed with distilled water to elim-
inate excess calcium and dried. Drying was achieved by
a Mini-Glatt fluid bed reactor (Glatt, Binzen, Germany)
with an airflow of 20 m3 h−1 for 90 min. This parameter
allowed for the best fluidisation of the beads inside the
reactor. The process was conducted at 35 °C, similar to
what we described previously (Menin et al., 2018), to
limit the oxidation of ASX.

Moisture content and water activity (aw)

Moisture content was assessed gravimetrically follow-
ing the AOAC 925.09 standard method
(AOAC, 2016). Water activity was measured using an
HC2AW instrument (Rotronic, Rho, Milano, Switzer-
land) at 25 °C. All analyses were carried out in
triplicate.

Morphology

The size and morphology of the beads were evaluated
by a Leica EZ4W stereo microscope (Leica Microsys-
tems, Milan, Italy). The distributions of the measured
diameters were estimated using a smooth kernel den-
sity algorithm implemented in the software Mathema-
tica v. 11.2.0.0 (Wolfram Research, Inc., Champaign,
IL, USA) using the least square cross-validation
method for bandwidth selection. The analyses showed
that approximately 50 beads were sufficient to obtain
smooth estimated probability density functions (i.e.
distributions with no irregular peaks). The sphericity
factor (SF) of the beads was calculated as previously
reported (Chan et al., 2009) using the following equa-
tion:

SF ¼ Dmax�Dperð Þ
DmaxþDperð Þ (2)

where Dmax is the maximum diameter passing
through the centroid of the bead and Dper the diame-
ter perpendicular to Dmax. A SF = 0 is expected for a
perfectly spherical shape, while SF > 0 values indicate
a departure from perfect sphericity. A SF < 0.05 is
considered acceptable.

Oil extraction from the beads

Encapsulation efficiency and payload
A batch of beads obtained from 7 g of the emulsion
was incubated with 10 mL of a 100 mM Na phosphate
buffer, 50 mM NaCl, pH 7.4 and left in agitation until

the beads were completely disrupted. Twenty millilitres
of ethyl acetate were added, and the samples were left
under stirring for 1 h and finally centrifuged at
10 000 g for 10 min. ASX concentration was deter-
mined spectrophotometrically, and the efficiency was
calculated using the following formula (Niizawa
et al., 2019):

EE% ¼ Ae

Ao
� 100 (3)

where Ae is the amount of extracted astaxanthin, and
Ao the amount of astaxanthin present in 1 g of
enriched oil used to prepare the emulsion according to
the ratio 1:6. Ethyl acetate was then removed by a
rotary evaporator, and the oil residue (total extract-
able oil, TEO) was weighed.
The payload of the beads (i.e. the mg of ASX avail-

able in 1 g of encapsulated product) was calculated as
follows:

Payload ¼ Ae mgð Þ
weight of the beads gð Þ (4)

Surface oil
The measurement of the surface oil (SO) was carried
out following the protocol proposed by Liu
et al. (2010) with minor modifications. An amount of
0.5 g of beads was dispersed in 20 mL of hexane and
left to stir vigorously for 30 s. The extract was filtered
to eliminate the microcapsules, and hexane was elimi-
nated by a rotary evaporator. The oil residue (SO)
was weighted, and the SO% was calculated as fol-
lows:

SO% ¼ SO gð Þ
TEO gð Þ � 100 (5)

Determination of the degree of lipid oxidation

The degree of oxidation of astaxanthin-enriched oil
before and after the encapsulation was determined to
evaluate whether the process, even though it is consid-
ered a delicate process, could have deteriorated the
quality of the oil by promoting oxidation reactions.

Peroxide value
The peroxide value (PV) was calculated by iodometric
titration following the official method AOCS Cd 8–53
(AOCS, 2003) with some modifications. About 0.5 g
of TEO were placed in a glass tube and diluted in
15 mL of an acetic acid:iso-octane (3:2) mixture. After
the addition of 0.5 mL of saturated potassium iodide,
the sample was shaken for 1 min. Deionised water
(15 mL) and gelatinised starch (0.5 mL of a 1% w:v
solution) were added, and iodine titration was carried
out with a 0.001 N sodium thiosulfate solution

� 2023 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd
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(Vetrotecnica, Padova, Italy). The peroxide value was
expressed as milliequivalents of O2 (mEq O2) per kg
using the following formula:

PV
mEqO2

kg

� �
¼ N titratant� V titratant� 1000

Oil weight gð Þ (6)

where N and V are the normality and the volume of
the titrant (sodium thiosulfate) respectively.

p-anisidine value
The AOCS Official Method Cd 18–90 (AOCS, 2009)
was employed. About 0.5 g of TEO were diluted in
10 mL of iso-octane. A volume of 2.5 mL was com-
bined with 0.5 mL of p-anisidine 0.25% w/v and
allowed to react for 10 min in dark conditions. The
absorbance of the solutions before (Ai) and after (Af)
the reaction with p-anisidine was determined at a
wavelength of 350 nm. The p-anisidine value was then
calculated using the following formula:

AV ¼ V� 1:2� Af�Aið Þ
Oil weight gð Þ (7)

where V is the volume of iso-octane.

Thermal stability test

Samples of the three formulations were subjected to a
thermal treatment to accelerate ASX degradation as
previously proposed (Leong et al., 2016). Amounts of
0.5 g of dry beads were placed in 50 mL falcon tubes,
flushed with nitrogen, sealed, covered with aluminium
and incubated at 65 °C for 6, 12, 18 and 24 days. The
stability assessment was carried out by measuring the
amount of ASX remaining inside the beads as
described in Section 2.7.1, and normalising these data
on the ASX amount at the time zero. The experiments
were performed in triplicate.

Simulated gastrointestinal digestion of the beads

The simulated gastrointestinal digestion was carried
out following a previously published method (Yi
et al., 2015) with some modifications. An amount of
250 mg of dry beads was placed in a glass tube con-
taining 4 mL of simulated gastric fluids (SGF: 50 mM
NaCl, 0.084 M HCl, porcine pepsin 1 mg/mL) and
kept under agitation at 37 °C. After 60 min, the pas-
sage to the intestinal phase started with the addition
of 4 mL of simulated intestinal fluids (SIF: 0.1 M
sodium phosphate buffer, 50 mM NaCl, pancreatin
from porcine pancreas 2 mg/mL) and adjusting the pH
with a 1 M NaOH solution until a value of 7.3 was
obtained. The samples at the end of the gastric phase
and after 60, 120 and 180 min of the intestinal phase
were centrifuged at 10000 g for 20 min, and the super-
natants were collected. These were extracted with two

volumes of ethyl acetate for 1 h in the dark under con-
tinuous agitation. The samples were centrifuged at
10 000 g for 10 min, and the supernatants were col-
lected. The release of ASX was measured by spectro-
photometry as described above.

Statistics

Statistical analyses were performed using SigmaPlot
version 12.5 (Systat Software Inc., San Jose, CA,
USA) and the data was expressed as mean � standard
deviation. Differences between the experimental groups
were assessed using unpaired Student’s t-test or, where
appropriate, by one-way analysis of variance
(ANOVA), followed by the post hoc Tukey test.

Results and discussion

Physical and morphological characterisation of the beads

In this work, astaxanthin-rich oleoresin from H.p. was
solubilised in soybean oil and microencapsulated
through an IG process using three combinations of
polysaccharides. The microbeads were dried with a
fluidised bed reactor. In comparison to passive air-
drying, fluid bed technology represents a better solu-
tion for drying hydrogel microbeads as in a few hours,
it is possible to reach a water activity value of about
0.2–0.25. At these values, lipid oxidation, which repre-
sents the most deleterious phenomenon affecting food
lipophilic molecules such as carotenoids, is considered
to proceed at the slowest rate (Velasco et al., 2003).
On the contrary, in a previous work, we observed that
24–48 h is necessary to obtain similar water activity
values by passive air-drying at room temperature, with
the possibility of observing oxidation damages (Menin
et al., 2018). The three formulations did not show sig-
nificant differences in terms of water activity and water
content (Table 1).
The SF is a parameter that is frequently used to

describe the degree of sphericity of hydrogel beads.
Spherical beads are preferred to irregular ones since a
seamless shape is generally associated with greater ease
of manipulation besides being aesthetically more
acceptable by the consumers. Typically, beads/capsules
with a SF ≤0.05 can be considered spherical (Chan
et al., 2009). As experienced in our previous study
(Vakarelova et al., 2017), pectin beads were charac-
terised by low sphericity giving, on average a SF of
0.113. Pure alginate solutions typically give SF <0.05
(Vakarelova et al., 2017). This behaviour is well-
known and is independent of the loaded molecules.
Indeed, also the encapsulation of folic acid, a water-
soluble vitamin, produced beads with lower sphericity
when compared to alginate (Madziva et al., 2005).
This seems to be due to a faster and more ordered

� 2023 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd
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cross-linking of alginate than pectin with higher molec-
ular alignment (Pillay & Fassihi, 1999a). Interestingly,
our results show that the chitosan shell seems to
improve the sphericity of the beads: in fact, PecChi
beads were characterised by lower SF (0.051) than Pec
samples (P < 0.05), thus similar to PecAlChi (0.054).
This is also evident observing Fig. 1. This phenome-
non might be caused by the electrostatic interaction
between the amino groups of chitosan and the anionic
polymers contrasting the collapsing of the beads and
the shrinkage upon drying (Pillay & Fassihi, 1999a).
PecChi samples also showed a significantly smaller
average diameter than Pec beads, probably because of
the same electrostatic interaction. In the PecAlChi
samples, the lower SF than Pec samples is probably
due to a combined effect of chitosan and alginate. Pre-
viously reported data did not show significant differ-
ences in the size of chitosan-coated alginate beads
using different concentrations of the two colloids (Tak-
sima et al., 2015). However, in those trials, an
uncoated sample was missing, so it is impossible to
infer whether even small concentrations of chitosan
may affect the morphology of the resulting beads.

Encapsulation efficiency, surface oil and payload

In this study, the EE% was expressed as the ratio
between the concentration of extractable ASX and the
concentration of the carotenoid theoretically present in

the beads, as described by Lee et al. (2011). For other
encapsulation processes, e.g. spray drying, the EE% is
often quantified as the difference between total and
surface ASX normalised on total ASX (Zhao
et al., 2019). This last approach does not consider the
amount of entrapped carotenoid that is virtually unex-
tractable. Table 2 shows how the beads containing
alginate are characterised by the highest EE%, reach-
ing, on average, a value of 87%. This value is not far
from what Lin et al. (2016) calculated using alginate.
The results also indicate that the presence of the chito-
san shell does not hinder the release of the carotenoid.
The lower EE% showed by pectin-based beads (62–
65%) is probably due to the differences in the poly-
meric network established by the colloids that interfere
with the release of the loaded carotenoid. Similar
results were achieved by Arab et al. (2019) using a
blend of alginate and high methoxyl pectin to encapsu-
late canthaxanthin. Also, hydrophilic molecules like
folic acid showed a similar behaviour: the release from
mixed alginate-pectin microparticles of the target mol-
ecules was directly correlated with the concentration of
alginate (Madziva et al., 2005). The percentage of sur-
face oil (SO%) represents an important parameter as
it is supposed to be most susceptible to oxidation
(Velasco et al., 2003). The presence of the chitosan
shell significantly lowered the values of SO% from
1.93% to 1.67% for pectin beads. The SO% of PecAl-
Chi beads was comparable to that of PecChi samples,

Table 1 Physical and morphological characteristics of the beads

Carrier SF Diameter (μm) Aw Water content (%)

Pec 0.113 � 0.094 a 211 � 35 a 0.232 � 0.03 a 4.10 � 0.13 a

PecChi 0.051 � 0.028 b 178 � 15 b 0.222 � 0.01 a 3.83 � 0.11 a

PecAlChi 0.054 � 0.029 b 193 � 17 ab 0.223 � 0.03 a 3.75 � 0.21 a

Values are expressed as mean � standard deviation. Different letters within each column indicate significant differences (P ≤ 0.05).

Abbreviations: Aw, water activity; SF, sphericity factor.

Figure 1 Physical appearance of the dry beads of Pec (a), PecChi (b) and PecAlChi (c).
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despite the two formulations showed significantly dif-
ferent EE% (87.43 � 5.95% vs 65.5 � 0.9%). This
suggests that the shell rather than the polymer compo-
sition of the beads matrix determines the amount of
SO, hindering its release on the surface of the beads. It
could be interesting to evaluate in future the thickness
of chitosan deposition on the different gelling materials
and whether this could influence the EE% but also
other features like the stability of the encapsulated
active molecules towards different stress conditions.
These results indicate that PecAlChi, characterised by
the highest EE% and the lowest SO%, represents the
most promising formulation.

Lipid oxidation

We previously showed that even though IG is recog-
nised as one of the mildest encapsulation approaches,
to a limited extent, it can induce lipid oxidation, a
radical-based reaction that brings to the degradation
of unsaturated fatty acids with the onset of off-
flavours (Menin et al., 2018). For this reason, we mea-
sured primary oxidation products, i.e., peroxides,
through peroxide value (PV) and secondary products
(aldehydes), by p-anisidine value (p-AV) raising upon
ASX encapsulation process. Oils presenting PV values
greater than 10 mmEq O2 kg−1 are generally consid-
ered highly oxidised and low-quality (Negash
et al., 2019).

ASX extraction from H.p. led to an increase in the
oil peroxide value, bringing it to an average value of
4.38 mmEq O2 kg−1 (Table 3). The emulsification and
the drying steps represent the most critical point affect-
ing oil oxidation since they intensively expose the
unsaturated fatty acids to oxygen. In accordance with
the SO% data (Table 2), the oil extracted from Pec
beads showed a PV of 9.20 mmEq O2 kg−1 (therefore
just below the limit). In contrast, the chitosan-coated
beads displayed significantly lower PV values, indicat-
ing that chitosan did provide protection against oxida-
tion during processing. Interestingly, no differences
were found between PecChi and PecAlChi beads, con-
firming the hypothesis that the shell, rather than the
matrix polymers, affects the susceptibility to oxidation.

Therefore, the addition of chitosan was crucial to
increase the oxidative stability of the oil without
influencing the ASX extraction efficiency, as described
above.
p-AV represents an estimate of the secondary oxida-

tion products, particularly alkenals, present in oxidised
oils. These compounds are more stable than primary
products that, being volatile, are responsible for the
perception of rancid odour. As expected, p-AV
increased following the production of peroxides as
they are formed by the decomposition of these mole-
cules. High p-AV is an indication of a very advanced
state of oxidation. In agreement with the data about
PV, Pec beads showed the highest values (5.73), thus
demonstrating a higher overall degree of oxidation
than PecChi and PecAlChi formulations, which
showed values of 4.24 and 4.63, respectively (Table 3).

Thermal stability of encapsulated astaxanthin

One of the objectives of this work was to verify
whether encapsulation could enhance the stability of
ASX. For this reason, we performed a stress test at
65°C to accelerate ASX degradation and verify which
formulation could provide the best protection to the
carotenoid (Fig. 2). As expected, the unencapsulated
oil sample was characterised by a drastic decrease of
ASX that became undetectable after the second sam-
pling time (12 days). The degradation kinetics of the
encapsulated samples showed different trends. Indeed,
while the degradation of PecChi samples displayed a
zero-order kinetics (R2 = 0.915; P < 0.05) and the best
performance in terms of ASX retainment (48% after
24 days), the degradation of ASX in Pec and PecAlChi
samples was faster and characterised by a two-slopes
profile, of which only the second part obeyed a zero-
order kinetics (P < 0.05). This particular pattern has
already been described (Desobry et al., 1997; Tonon
et al., 2010) and is probably due to the fast degrada-
tion of non-encapsulated or partially encapsulated
ASX located on the boundary of the particles or more
in contact with the oxygen present in the pores,

Table 2 Loading characteristics of the beads

Formulation EE% SO% Payload (mg ASX g−1)

Pec 62.48 � 2.19 a 1.93 � 0.02 a 0.69 � 0.002 a

PecChi 65.50 � 1.98 a 1.67 � 0.05 b 0.73 � 0.01 b

PecAlChi 87.43 � 5.95 b 1.59 � 0.11 b 0.98 � 0.06 c

Values are expressed as mean � standard deviation of three indepen-

dent experiments. Different letters within each column indicate signifi-

cant differences (P ≤ 0.05).

Abbreviations: EE%, encapsulation efficiency; SO%, surface oil.

Table 3 Lipid oxidation markers

Sample PV (mEq O2 kg−1) p-AV

Oil 2.87 � 0.03 a 3.82 � 0.05 a

ASX-enriched oil 4.38 � 0.11 b 4.45 � 0.10 b

Pec 9.20 � 0.14 c 5.73 � 0.17 c

PecChi 6.01 � 0.08 d 4.24 � 0.12 b

PecAlChi 5.96 � 0.02 d 4.63 � 0.06 b

Different letters within each column indicate significant differences

(P ≤ 0.05). Values are expressed as mean � standard deviation of three

independent experiments.

Abbreviations: p-aV, p-anisidine value; PV, peroxide value.
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followed by a slower degradation of the internal and
less accessible ASX. It is possible that the modification
of the cross-linked polymeric network induced by the
interaction between pectin and alginate, which allowed
for better extraction of ASX (see Table 2), might also
be responsible for its faster degradation compared to
PecChi. Previous stability studies conducted at 50 °C
on alginate-encapsulated ASX showed lower stability
(35% retained ASX in 21 days), thus confirming that
pectin might contribute better to the protection of the
carotenoid (Zhang et al., 2017). These data demon-
strate that applying a chitosan shell helps improve
ASX stability, which is particularly evident by compar-
ing Pec and PecChi samples. In the case of PecAlChi,
the protective effect of chitosan might have been less
efficacious due to the presence of alginate, as men-
tioned above.

Simulated gastrointestinal digestion

To evaluate the ASX bioaccessibility of the three for-
mulations, we employed a simulated gastrointestinal
digestion method. To allow a better comparison of the
results, the calculated values of released ASX were
normalised on each formulation’s payload, represent-
ing the maximum achievable ASX obtainable from the
beads. The results are presented in Fig. 3. As expected,
no release of ASX was observed during the gastric
phase since the acidic pH promotes the shrinkage of
alginate and pectin cross-linked gels (Pillay &
Fassihi, 1999b). On the contrary, during the intestinal
phase, a time-dependent release of ASX was observed
due to different pH and osmolarity conditions that led

to a rapid disruption of the egg-box structures. In this
case, the chitosan shell did not influence the release of
ASX since Pec and PecChi samples showed a similar
release. One explanation for this phenomenon may be
that chitosan, being soluble at acidic pH, could be dis-
solved during the gastric phase. Beads containing algi-
nate reached a release of astaxanthin of 58% at the
end of digestion, while both those composed of pectin
stopped around 46–48%. This result agrees with the
EE values presented in Table 2. The higher release dis-
played by the beads containing alginate depends on
the fact that this polymer might establish weaker inter-
action with ASX or that the matrix structure is less
tight, thus favouring the release of the carotenoid.

Conclusions

Three formulations composed of different combina-
tions of polymers were used to encapsulate an ASX-
enriched oil by IG. The results indicate that the appli-
cation of a chitosan shell represents a successful solu-
tion to improve the morphology and stability of the
ASX-containing beads encapsulated in an LMP matrix
(PecChi). On the other hand, the combination of algi-
nate and LMP showed a higher EE and bioaccessibil-
ity than LMP. Therefore, from our data and
considering the literature about the encapsulation of
other bioactive molecules, we can hypothesise a sce-
nario in which alginate and LMP differently affect
encapsulation performance depending on their relative
abundance: the higher the concentration of pectin, the
greater the stability of the carotenoid but the lower its
bioaccessibility. On the contrary, alginate would play
the opposite role. In this view, the ratio of the two
polymers should be carefully evaluated to identify the

Figure 2 ASX retainment during the accelerated storage test at 65°C
for 24 days of Pec, PecChi, PecAlChi and ASX-enriched oil. Straight

lines represent the best fittings of the experimental data for each

sample. ASX retainment was calculated as the ratio between the

extractable ASX at a given time point and the time zero point.

Figure 3 ASX release (bioaccessibility) during simulated gastrointesti-

nal digestion. Gastric phase: 0–60 min; intestinal phase: 60–240 min.
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best compromise between the stability and bioaccessi-
bility of astaxanthin.
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