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Lutein is one of the carotenoids found in various fruits, green leafy vegetables, and egg yolk. Lutein has multiple
functions, including preventing age-related macular degeneration in the human body. However, lutein is sus
ceptible to high temperature, light, and oxygen. The objective of this study was to produce lutein-loaded
polysaccharide complexes to increase the stability of lutein. The physical and chemical properties of luteinpolysaccharide complexes were characterized. The entrapment efficiency (EE%) and loading capacity (LC%)
of ltuein, and the lutein’s stability to high temperatures and UV light were tested. The results showed that the
lutein-loaded complexes had greater than 98% entrapment efficiency and 35% loading capacity. The AL/CS
complexes showed significantly higher thermal (70 ◦ C, 3 h) and UV-light stabilities than the free lutein. The SEM,
FTIR, and XRD results suggested that the lutein-loaded AL/CS complexes had a flake-like structure, and lutein
was inserted into the AL/CS complexes as amorphous forms. The main forces that incorporated and stabilized
lutein inside the AL/CS complexes were the hydrophobic environments caused by the neutralization of net
charge on the alginate and chitosan and the intermolecular hydrogen bonds between lutein, alginate, and
chitosan.

1. Introduction
Lutein is one of the many carotenoids found in various fruits, green
leafy vegetables (spinach, kale, parsley) (Calvo, 2005), and egg yolk
(Handelman, Nightingale, Lichtenstein, Schaefer, & Blumberg, 1999).
Lutein contains many functions in the human body, including filtering
high-energy blue light, reducing the risk of age-related macular degen
eration (AMD), and cataracts (Kijlstra, Tian, Kelly, & Berendschot,
2012). Lutein also contributes to brain development and functions,
maintaining heart health, and protecting skin from UV-induced damages
(Erdman et al., 2015). The human body cannot synthesize lutein and is
only obtained through dietary sources (Granado, Olmedilla, & Blanco,
2003; Sato et al., 2018). The intake of lutein at 6–20 mg/d can reduce
the occurrence of AMD and cataracts by up to 50% (Alves-Rodrigues &
Shao, 2004). However, the current average intake of lutein ranges from
1.7 to 2.2 mg/d for Americans and Europeans, which is far below the
functional level of 6–20 mg/d (O’Neill et al., 2001).
The low intake of lutein may be due to the dietary habits that include
low intake of green leafy vegetables in the Western diet, low bioavail
ability of lutein in the human digestive systems (Kopec, Gleize, Borel,

Desmarchelier, & Caris-Veyrat, 2017), and the instability of lutein to
wards the light, oxygen, and high temperature (Leng et al., 2022). The
achievement of generally recognized as safe (GRAS) status for purified
lutein allowed its addition in many foods and beverages (Alves-Ro
drigues & Shao, 2004). Currently, the development of foods enriched
with lutein is getting more attention because of their potential in helping
increase the intake of lutein. For example, Leeson and Caston (2004)
tried to increase lutein content in the egg yolk by adding lutein into
laying hens’ feeds. However, the lutein content in the egg yolk did not
increase in proportion to the dietary lutein. Therefore, adding lutein
directly to the food during processing would be more efficient in
increasing lutein content.
On the other hand, due to the instability of lutein, protective stra
tegies are needed before incorporating lutein into food processing.
Emulsions, liposomes, and coacervates are commonly used to protect
and deliver the functional compounds to the target (Allen & Cullis,
2013; Devi, Sarmah, Khatun, & Maji, 2017; Dias, Botrel, Fernandes, &
Borges, 2017). Among those three methods, coacervation has been used
the most in the pharmaceutical, food, agriculture, and textile industries
because of its low energy intake, mild environmental requirements, and

* Corresponding author.
E-mail address: duahn@iastate.edu (D.U. Ahn).
https://doi.org/10.1016/j.lwt.2022.113663
Received 7 April 2022; Received in revised form 15 May 2022; Accepted 13 June 2022
Available online 15 June 2022
0023-6438/© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

S. Xiao and D.U. Ahn

LWT 164 (2022) 113663

simple procedure. Costa et al. (2020) encapsulated pomegranate seed
oils with whey proteins and gum Arabic. In the early 1990s, Tay, Khoh,
Loh, and Khor (1993) produced artificial seeds by alginate-chitosan
coacervation. In colloidal chemistry, ‘coacervation’ usually describes a
separating process that uses the modification of the media environment
(pH, ionic strength, temperature, solubility) (Timilsena, Akanbi, Khalid,
Adhikari, & Barrow, 2019). The product of the coacervation reaction is
called coacervates, which consists of three parts: a target bioactive
compound and two polymers with opposite charges. Polymers attract
each other due to the electrostatic interactions, and the target com
pounds are entrapped inside, forming a complex with polymers by
newly formed chemical bonds.
Proteins (e.g., gelatin, ovalbumin, whey protein), gums, chitosan,
and alginate are commonly used for coacervating and encapsulating
bioactive compounds (Brum et al., 2017; De Souza et al., 2018; Devi
et al., 2017; Lawrie et al., 2007; Li et al., 2007; Sankalia, Mashru, San
kalia, & Sutariya, 2007). Chitosan and alginate are the most widely used
polysaccharides in food and biomedical research because of their low
toxicity and degradable properties (Sankalia et al., 2007). In the alginate
system, calcium is usually involved in crosslinking the particles (Lawrie
et al., 2007). Much research on the application of alginate-chitosan
complex in bioactive compounds and drugs has been reported (Baruch
& Machluf, 2006; Hashim et al., 2019; Li et al., 2007; Teixeira-Costa,
Silva Pereira, Lopes, & Tristão Andrade, 2020; Vandenberg, Drolet,
Scott, & Noüe, 2001).
Our preliminary data showed that the stability of lutein was pHindependent but very low to high-temperature and light exposure con
ditions. We aimed to protect lutein by loading lutein into alginate/chi
tosan (AL/CS) complexes through coacervation under different pH
conditions and alginate-chitosan ratios. The physical characteristics,
entrapment efficiency (EE%), loading capacity (LC%), and the thermal
and photostability of lutein in complexes were investigated.

Table 1
Entrapment efficiency (EE%), loading capacity (LC%), particle size, and zetapotential of the lutein-loaded complexes.
Group
label

ALCS

pH

EE %

LC % (g
Lutein/100 g
particles)

Particle
size (μm)

Zetapotential
(mV)

G1

1–1

5.2

36.85 ± 0.06 a

G2

3–2

3.5

G3

3–2

6.0

99.93
± 0.08
99.77
± 0.17
98.97
± 0.40

63.091 ±
11.54a
51.101 ±
7.50b
50.181 ±
5.50b

11.53 ±
1.68
11.55 ±
0.90
11.43 ±
0.68

35.72 ± 0.80

b

36.87 ± 3.29 a

Data were expressed as mean ± SD, replication n = 3.
Note: 3-2 means the ratio between alginate and chitosan was 3:2.
a
Different superscripts within a column differ significantly (p < 0.05).
b
Different superscripts within a column differ significantly (p < 0.05).

2.3. Entrapment efficiency and loading capacity of lutein
2.3.1. Entrapment efficiency (EE%)
According to the previous method, the freshly made lutein-loaded
AL/CS complex suspension (before centrifuge and freeze-dry) was
used for entrapment efficiency with minor modifications. The fresh
lutein-loaded AL/CS complex suspension was centrifuged at 13,000 rpm
for 3 min to precipitate the complex. The supernatant was collected,
mixed with ethanol at the ratio of 1:4, and the absorbance of the mixture
was read at 446 nm (the absorption of lutein) using a Varian Cary 50
UV–Vis spectrophotometer (Varian, Inc. Walnut Creek, CA, USA) to
analyze the content of lutein (free lutein). The total lutein was calculated
by mixing the freshly made, lutein-loaded AL/CS complex suspension
with ethanol and read absorbance at 446 nm after appropriate dilution,
which refers to “total lutein”. The standard curve of lutein was made by
dissolving lutein in ethanol at different concentrations. The entrapment
efficiency was calculated as equation (1).

2. Material and methods

Total  lutein − Free  lutein
*100
Total  lutein

(Eq. 1)

2.1. Chemicals and materials

Entrapment efficiency (EE%) =

Lutein (98% pure) was purchased from Chuang’En Biochemical
(Xi’an, China). Chitosan with low molecular weight (MW = 150 kDa)
and a degree of deacetylation of 75% was from Sigma-Aldrich (St. Louis,
MO), and sodium alginate was purchased from BDH Co. Ltd. (England)
and calcium chloride from Fisher Scientific (Waltham, MA, USA). All
other materials were of analytical grade.

2.3.2. Loading capacity (LC%)
The loading capacity of lutein in AL/CS complexes indicates the
amount of lutein incorporated in the complex particles. Lutein content in
sample powders was tested as before with minor modifications (Zhao,
Cheng, Jiang, Yao, & Han, 2014). Sample powder was precisely weighed
into a glass test tube, added with an appropriate amount of ethanol,
sonicated 10 min in an iced water bath, followed by vertex-mixed until
the sample was completely dissolved, and then centrifuged at 13,000×g
for 3 min. The precipitate was washed with 5 mL ethanol three times, all
the supernatant was collected, the total volume of ethanol was recorded,
and the absorbance of the supernatant was read at 446 nm. The loading
capacity of lutein in the AL/CS complexes was calculated as equation
(2), where “W” is the total weight of complex particles, “W1” is the
content/weight of lutein.

2.2. Preparation of AL/CS complexes with and without lutein loaded
The alginate/chitosan (AL/CS) complexes with and without lutein
loaded were prepared according to Lertsutthiwong, Rojsitthisak, and
Nimmannit (2009) with minor modifications. Briefly, 2 g/100 mL so
dium alginate stock solution (AL) was prepared with distilled water, and
chitosan was dissolved in 0.01 mL/100 mL acetic acid to make 1 g/100
mL chitosan solution. Ethanolic lutein solution (0.16 g/100 mL) was
prepared by dissolving 0.16 g of lutein in 100 mL ethanol and centri
fuged at 3500×g for 20 min to remove the undissolved lutein. For the
complex production, the stock alginate and chitosan solutions were
diluted to 0.01 g/100 mL, and an aliquot of lutein solution was added to
the 0.01 g/100 mL alginate solution with mild stirring. Then, 0.01
g/100 mL chitosan solution was added, the pH was adjusted according
to the experimental design shown in Table 1, and then CaCl2 solution
was added at the final concentration of 0.05 g/100 mL. In all three
conditions, the ratio between lutein and AL/CS was 1.6:1. The mixture
was set overnight in a cold room and then centrifuged at 6000×g for 40
min. The precipitant was collected and washed with distilled water three
times. The final precipitate was collected and freeze-dried. The lyophi
lized sample powers were stored in a freezer (− 20 ◦ C) for further usage
and analysis.

Loading capacity (LC%) =

W1
*100
W

(Eq. 2)

2.4. Characterization of AL/CS particles
2.4.1. Particle size and zeta-potential measurements
The average particle size of the freshly made lutein-loaded AL/CS
complexes was measured using the static light-scattering instrument
(Mastersizer 2000; Malvern Instruments, Malvern, UK). The freshly
made complex suspension was introduced to a sample beaker until
12–15% was obtained. The particle size was measured by laser diffrac
tion and reported as d4,3. The Zeta-potential of the freshly made complex
suspension was measured using a particle electrophoresis instrument
(Malvern Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK).
2
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The freshly made complex suspensions were dispersed into deionized
distilled water, placed in a zeta-cell, and auto-run until a satisfactory
result was obtained.

exposure, the lutein content in the samples was determined using the
methods described in 2.3.2. The lutein retention rate was calculated as
equation (3).

2.4.2. TGA/DSC
The thermal properties, thermal gravimetric analysis (TGA), and
differential scanning calorimetry (DSC) of selected AL/CS complexes
with and without lutein loaded and free lutein were measured simul
taneously using the STA 449 F1 Jupiter (Netzsch, Selb, Germany). The
sample powder (5–10 mg) was placed onto an aluminum pan and heated
from 40 to 440 ◦ C at a rate of 5 ◦ C/min under nitrogen flow of 20 mL/
min. An empty pan was used as a reference. During the heating process,
the samples in the aluminum pan started to lose moisture, break
chemical bonds, and fragment molecules, some of which evaporated and
resulted in the sample’s weight loss. The weight change of the sample
showed a relationship between temperature and remaining weight,
known as TGA. DSC is another thermal analysis technique to evaluate
the material properties, such as phase transition temperature and ther
mal stability.

2.6. Statistical analysis
All experiments were conducted 3 times. Data were subjected to the
analysis of variance (ANOVA) using the SAS 9.4 (SAS Institute, Inc.,
Cary, NC, USA). The results were reported as averages and standard
deviations. Means compared the differences, and the LSD (Least Sig
nificant Difference) was applied to compare the mean values of the fixed
effects. A p-value of <0.05 was considered statistically significant.
3. Results and discussion
3.1. Lutein entrapment efficiency (EE%) and loading capacity (LC%)
The formation of alginate-chitosan complexes is driven by electro
static interactions between the two oppositely charged compounds.
Chitosan is acid-soluble and shows a positive net charge (S1, B), while
alginate shows a negative net charge (S1, C). The pH and the ratios
between the two components play a crucial role in producing the AL/CS
complexes. Three conditions that can produce the biggest amounts of
alginate-chitosan complexes were screened (Table 1). The entrapment
efficiency (EE%) and loading capacity (LC%) of lutein in the complex
were tested to determine which group had the best potential to produce
lutein complexes. All three groups showed very high entrapment effi
ciency (>98%), and the highest entrapment efficiency was shown in
group 1 (G1), which was 99.93%, followed by group 2 (G2) when the
ratio between alginate and chitosan was 3:2 and pH 3.5. When the pH
was increased to 6.0, the entrapment efficiency slightly decreased to
98.97%. The different entrapment efficiency of lutein in G2 and G3 is
due to the different solubility of lutein under different pH. Because
lutein should be dissolved to interact with alginate and chitosan, the
higher solubility under the acidic conditions might have caused higher
entrapment efficiency. In the G1 and G2, the ratio between alginate and
chitosan played a more important role than lutein’s solubility on the
entrapment efficiency. Loading capacity is another parameter to judge
the delivery efficiency of bioactive compounds. However, the loading
capacity of lutein showed the highest in the G3, which was significantly
(p < 0.05) higher than that of the G2. The high loading capacity of the
G1 and G3 could be related to greater space in the G1 and G2 complexes
than the G2 for lutein to be inserted into. Many studies have been re
ported in encapsulating lutein by different systems. Various methods to
encapsulate lutein using different systems have been investigated pre
viously, but all three groups from this study showed significantly higher
EE% and LC% than the reported results (Arunkumar, Harish Prashanth,
& Baskaran, 2013; Yuan et al., 2019).

2.4.3. Fourier-Transform Infrared (FTIR) spectroscopy
The potential interactions of chitosan, alginate, and lutein were
analyzed using FTIR. The spectra of free lutein and selected freeze-dried
with and without lutein-loaded AL/CS complexes were recorded on
Tensor 37 (Bruker Co., Karlsruhe, Germany). The sample pellet was
prepared by grinding sample powder with KBr. The FTIR spectra were
recorded at 450–5000 nm using a resolution of 2 cm− 1 in 25 scans.
2.4.4. X-ray diffraction (XRD)
Based on the chemical stability of lutein, the most stable sample was
selected to perform the XRD test. Samples were analyzed using a
Siemens D500 X-ray Powder Diffractometer (Siemens, Munich, Ger
many) using the Cu Kα radiation (λ = 1.5432 nm) generated at 45 kV
and 30 mA. The scanning was done between 5◦ and 70◦ (2θ) at the rate
of 0.02◦ /s, dwell time was 2 s, and detector slits were 0.15◦ .
2.4.5. Morphological observation
The morphology of freeze-dried sample powders was investigated
using an FEI Quanta-FEG 250 scanning electron microscope (SEM)
(Thermo Fisher Scientific, Waltham, MA, USA). Using double-sided
conductive tape, sample powders were mounted onto carbon stubs
and then coated with 2 nm iridium (Ir) in a Quorum Q150T S sputter
coater (Quorumtech, Laughton, East Susses, UK). Samples were
observed with 10 kV accelerating voltage at 20x to 5000x
magnifications.
2.5. Effect of AL/CS complex on lutein stability
2.5.1. Lutein retention under high temperature
The stability of lutein in each lutein-loaded complex and free lutein
were measured at 70 ◦ C. The lyophilized lutein-loaded complexes were
placed in brown bottles and then cultivated for 3 h in a 70 ◦ C oven. The
free lutein was used as a control. The lutein content in the samples
before and after heating treatment was determined using the methods
described in 2.3.2. The lutein retention rate (%) was calculated using
equation (3), where “L" is the initial lutein content in the complex. The
“L1′′ is the lutein content after high-temperature treatment.
Retention rate (%) =

L1
*100
L

3.2. Characterization of lutein-loaded AL/CS complex
3.2.1. Particle size and zeta-potential
A pH-driven method was used for the lutein-loaded AL/CS complex
production. The physicochemical properties of the complex are impor
tant for determining the physiological functions and stability of the AL/
CS complexes loaded with lutein. The particle size and zeta-potential
results of the synthesized complexes are shown in Table 1. The parti
cle size was the biggest in the G1 (63 ± 12 μm) and was significantly (P
< 0.05) larger than that of the G2 and G3 (approximately 51 ± 8 μm).
During the production of lutein-loaded AL/CS complexes, lutein was
inserted into the space of alginate and chitosan (see 3.2.2). The higher
loading capacity means more lutein was inserted into the AL/CS com
plexes and produced larger particle sizes (G1 vs. G2 and G3). The net
charge of the alginate and chitosan solution slightly changed under
different pH conditions (data did not show). Oppositely charged poly
saccharides interact through electrostatic interactions. The net charge of

(Eq. 3)

2.5.2. Lutein retention under UV-light
The stability of lutein towards UV-light in each lutein-loaded com
plex and free lutein was measured. The sample powders were precisely
weighted into test tubes, capped tightly, and exposed to UV-light (365
nm wavelength) for 2 h. Free lutein was used as a control. After the UV
3
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the AL/CS complexes depends on how many of the negative/positive
charges are naturalized, which depends on the ratio of alginate and
chitosan and the pH of the reaction medium. The zeta-potential among
the lutein-loaded complexes (G1, G2, G3) was 11 ± 2, 11.6 ± 0.9, and
11.4 ± 0.7 mV, respectively, with no significant difference (P > 0.05).

the surface decreased and were filled with lutein (Fig. 1b, c, 1d). The
smoothest surface is shown in the G2 (Fig. 1 c), and some wrinkles and
gaps remain in the G1 (Fig. 1 b). However, multiple layers were shown
on the surface of the G3 (Fig. 1 d). The remaining gaps in the G1 might
be due to the loose interactions between the alginate and chitosan,
which resulted in more and bigger holes, and the inserted lutein was not
enough to fill out all those holes. The multiple layers in the G3 indicate
more lutein is attached to the complexes and tighter interactions be
tween the alginate and chitosan than in the G2, which is in line with the
higher loading capacity of lutein in the G3 compared to the G2 (Table 1).
During coacervation, some of the net charges of alginate and chitosan
were neutralized and offered a hydrophobic environment (holes) for
lutein to be inserted, which can be proven from the FTIR results (see
3.2.5).

3.2.2. Scanning electron microscopy (SEM)
The microstructure of the lutein and AL/CS complexes with and
without lutein loading were determined by SEM (Fig. 1). The SEM mi
crographs showed an irregular crystal structure of free lutein (S2),
which is in line with the XRD pattern of free lutein (see 3.2.3). Both the
AL/CS complex with and without lutein loaded exhibited a flake-like
microstructure and many holes on the surface in the complex without
lutein loaded (Fig. 1 A, B, C, D). In lutein-loaded complexes, the gaps on

3.2.3. X-ray diffraction analysis (XRD)
The XRD analysis was applied to investigate the crystalline diffrac
tion patterns of lutein in the polysaccharide-lutein complexes. Based on
the chemical stability of lutein (Fig. 5), 3AL/2CS/LU (G3) complex was
selected to perform the XRD test. The XRD patterns of lutein, physical
mixture of lutein, chitosan and alginate, alginate-chitosan complex
(3AL/2CS), and lutein loaded complex (3AL/2CS/LU) are shown in
Fig. 2. The XRD patterns of lutein (LU) showed several significant peaks
at diffraction angles between 8◦ to 25◦ , indicating that lutein contained a
highly crystalline structure (Xia, Hu, Jin, Zhao, & Liang, 2012). The
peaks at diffraction angles larger than 25◦ were KCl, proved from the
XRD database, SEM, and EDS analysis (S2). The KCl might be the residue
from the lutein extraction. The physical mixtures of lutein, alginate, and
chitosan had the characteristic crystalline peaks of lutein but with a
lower intensity because smaller proportions of lutein were present. The
remaining peaks of lutein indicated that lutein remained in the crys
talline structure in the physical mixture. The XRD pattern of the
lutein-loaded complex (3AL/2CS/LU) showed that all the crystalline
peaks of lutein disappeared, indicating that the crystalline nature of
lutein was transformed to amorphous form after being combined with
the chitosan-alginate. This change could be due to lutein, chitosan, and
alginate interaction. The structural changes of the crystalline nature of
lutein upon encapsulating and combining with polysaccharides have
been reported by others (Ma, Yuan, Yang, Wang, & Lv, 2020; Yuan et al.,
2019; Zhao et al., 2014).

Fig. 1. Scanning electron microscopy (SEM) of freeze-dried AL/CS complexes
with and without lutein loaded. (A, a) AL/CS complex; (B, b: G1) AL/CS/LU
complex, pH 5.2; (C, c: G2) 3AL/2CS/LU complex, pH 3.5; (D, d: G3) 3AL/2CS/
LU complex, pH 6.0.

Fig. 2. The X-ray diffraction of free lutein (LU) ( ), physical mixture ( ), 3AL/
2CS ( ), and 3AL/2CS/LU complexes ( ).
4
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3.2.4. Thermal properties measurement
The thermogravimetric analysis (TGA) and differential scanning
calorimetric (DSC) measurements were aimed to test the thermal
properties of the lutein-loaded AL/CS complexes (Fig. 3). The TGA
curves (Fig. 3A) showed a rapid weight loss at different temperatures in
each sample. The free lutein (LU) and 3AL/2CS/LU (pH 3.5) complexes
started to lose weight at 240 ◦ C, while the weight loss in the 3AL/2CS/
LU (pH 6.0) started at 190–200 ◦ C. The rapid loss of weight in the 3AL/
2CS/LU (pH 3.5) and 3AL/2CS/LU (pH 6.0) complexes continued until
340 ◦ C. However, the rapid weight loss of the free lutein continued until
400 ◦ C. The weight loss starts at different temperatures, and the initial
weight loss is usually due to the loss of a small amount of bound water.
The rapid weight loss of the lutein-loaded complexes in the range of
240–340 ◦ C might be due to the degradation of amine units in the chi
tosan (Timilsena et al., 2019).
The DSC heating curves of the LU and 3AL/2CS/LU produced at
different pH (6.0 and 3.5) were analyzed to investigate the differences in
their thermal characteristic and the state of lutein in the AL/CS com
plexes. Lutein showed one sharp endothermic peak at 162 ◦ C and one
broad exothermic peak at 65 ◦ C. The sharp peaks disappeared in both
lutein-loaded complexes (3AL/2CS/LU at pH 6.0 and 3.5), indicating
that lutein is embedded in the AL/CS complexes (Xia et al., 2012; Zhao
et al., 2014). The lutein-loaded complexes showed an exothermic peak
at 88 ◦ C for 3AL/2CS/LU at pH 3.5 and 101 ◦ C for the 3AL/2CS/LU at pH
6.0, which may be due to the breakdown of lutein. The thermogram of
lutein also showed a broad exothermic peak at 65 ◦ C, which was slightly
left-shift than the lutein-loaded complexes. Those results indicated that

lutein breakdown occurred at a higher temperature. Also, the occur
rence of the exothermic peak in the 3AL/2CS/LU complex at pH 6.0 was
slower than that in the 3AL/2CS/LU complex at pH 3.5, indicating that
the complex produced under the pH of 6.0 showed more effective pro
tection to the breakdown of lutein at high-temperature conditions. The
chemical stability of lutein under high temperatures also confirmed this
observation (3.3).
3.2.5. FTIR analysis
The potential interactions among lutein, chitosan, and alginate were
analyzed by FTIR (Fig. 4). The lutein, alginate, and chitosan spectrum
showed broadband at 3445, 3433, and 3470 cm− 1. The broadband be
tween 3100 and 3500 cm− 1 indicates hydroxyl groups’ –OH stretching
vibration. The structure of lutein, chitosan, and alginate is shown in the
supplemental material (S1.) In the spectrum of lutein, the two peaks at
– CH1045 and 1365 cm− 1 were related to trans conjugated alkene (-CH–
) due to the plane deformation and dimethyl groups splitting (Yuan
et al., 2019). Compared to the published results, the peaks shifted
slightly due to the different lutein extraction methods (Yuan et al.,
2019). However, those two peaks at 1045 and 1365 cm− 1 disappeared
when lutein was loaded in the complex (G3), indicating that the
hydrogen bonding and hydrophobic interactions were present among
the lutein, chitosan, and alginate. In addition, the broadband between
2800 and 3000 cm− 1 indicated the C–H stretching and became much
weaker than that in the 3AL/2CS/LU (G3). All three samples had
broadband in the range of 2800–3000 cm − 1, and the highest intensity
was observed in the LU, followed by 3AL/2CS/LU (G3), and AL/CS,
indicating that the presence of –CH bonds in all complexes and new –CH
bonds also occurred between the lutein and the 3AL/2CS.

Fig. 3. Thermal properties analysis for free lutein (LU) ( ) and lutein-loaded
complexes 3AL/2CS/LU (pH 3.5:, pH 6.0). A) thermogravimetric analysis
(TGA), and B) differential scanning calorimetric (DSC).

Fig. 4. The FTIR spectrum of chitosan (CS), alginate (AL), Lutein (LU), 3AL/
2CS complex ( ), 3AL/2CS/LU complex ( ).
5
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which was 22.41% higher than that of the free lutein. When the alginate
and chitosan ratio increased to 3:2 (G2 and G3), the lutein retention rate
was increased to 83.57% at pH 3.5 and 90.55% at pH 6.0, which were
32.29% and 39.27% higher than that of the free lutein, respectively.
These results indicated that the AL/CS complex provided efficient lutein
protection under high-temperature conditions. Moreover, the lutein
retention rate in the G2 and G3 was significantly (P < 0.05) higher than
in the G1, with the highest stability appearing in the G3. This result can
also be predicted from the DSC results, in which more breakdowns of
lutein occurred under higher temperatures in the G3 than in the G2
(Fig. 3).
The chemical stability of lutein towards UV-light was tested by
exposing it for 2 h under a UV-lamp (365 nm). The effects of UV-light on
lutein’s stability are shown in Fig. 5B. The retention rate of free lutein
was 8.62%, which indicates that over 90% of the free lutein was
destroyed. However, the retention rate of lutein significantly increased
by loading it into AL/CS complexes. The G2 complex showed the lowest
(62.03%), 53.41% higher than the free lutein. The lutein retention rate
in the G1 and G3 (74.62% and 79.93%) was significantly higher than in
the G2. This increase of lutein’s stability is much higher than the pre
vious study (de Boer, Imhof, & Velikov, 2020), which prepared
lutein-zein composite colloid particles to increase the photostability of
lutein. In their study, the photostability of lutein was increased by 25%
after combining lutein with zein. Zhao et al. (2014) reported that the
photostability of lutein was increased 3.3 times after exposure to UV
light 15 d after being embedded into the polyvinylpyrrolidone (PVP)
matrix. Li et al. (2020) incorporated lutein into layered double hy
droxide and increased lutein photostability by 21.47% after 96 h of light
exposure. These different results may be due to various delivery systems’
different protection efficiency and exposure time. In our study, the
stability of lutein was increased by 8.66, 7.20, and 9.27 times in the G1,
G2, G3, respectively. Those results indicated that the AL/CS complex
offered better protection of lutein from high temperature and UV light.
Moreover, lutein showed the highest stability in the G3 complex
under high temperatures and lights. This increased stability is due to
lutein, chitosan, and alginate interactions through H-bonding and
electrostatic interactions, as shown in the FTIR spectra (Fig. 4). In
addition, these interactions changed the crystal nature of lutein to the
amorphous (Fig. 2). Another reason for the increased lutein stability
might be the hydrophobic environment of the holes on the surface of AL/
CS complexes where the surrounding polysaccharides offer protection to
lutein against external environments. Based on the stability test, we
propose that these lutein-loaded complexes can be used as a common
food ingredient in various food and drink processing. For instance, in
beef patties preparation and cooking, lutein can be protected from
degradation. In addition, these lutein-loaded complexes could prevent
lutein from the breakdown in some dairy products manufacturing, such
as yogurt and cheese.

Fig. 5. The stability of lutein under high temperature and UV light. (A) Free
lutein and lutein-loaded complexes were treated 3 h in an oven at 70 ◦ C. (B) The
precisely weighted free lutein and lutein-loaded complexes were treated 2 h
under UV-light (365 nm). The different labels on each column (a, b, c) mean a
significant difference at p < 0.05. Data were expressed as mean ± SD. n = 3.

The spectrum of chitosan, the characteristic peaks of 1662 and 1583
cm− 1, represented the amide I and amide II groups, respectively. A weak
band of C–H stretching showed at 2882 cm− 1. The two peaks at 1425
and 1380 cm− 1 come from the N–H stretching of amide and ether bonds
and N–H stretching, respectively (Sankalia et al., 2007). The spectrum of
sodium alginate, two absorption bands at 1427 cm− 1 and 1612 cm− 1,
were due to the carboxyl anions (-COO-) (Sankalia et al., 2007). How
ever, in the complex of alginate and chitosan, the peak of N–H stretching
of amide (1425 cm− 1) in chitosan and the absorption bands of carboxyl
anion (1427 cm− 1 and 1612 cm− 1) in alginate disappeared, suggesting
the reaction between –NH+
3 and -COO . Compared with the LU and
3AL/2CS/LU complex spectra, broadband between 2900 and 3000 cm− 1
was lowered, and new broadband between 3100 and 3500 cm-1
appeared, indicating that some of the C–H bonds disappeared, and
more –OH stretching vibration of hydroxyl group formed (Hernández-
Nava, López-Malo, Palou, Ramírez-Corona, & Jiménez-Munguía, 2020).
The broadband (3100–3500 cm − 1) in the AL/CS and 3AL/2CS/LU
complexes was from the O–H and N–H stretching in hydrogen-bonded
molecules, indicating that the hydrogen bonds were formed between
the amide groups of chitosan and –OH groups of lutein. This result
evidenced that lutein had interacted with the 3AL/2CS through elec
tronic interactions (Pereira & Andrade, 2017).

4. Conclusion
The temperature- and light-stable, lutein-loaded complexes were
produced successfully by inserting lutein into the AL/CS complexes
through the coacervation technology. The results indicated that the AL/
CS complex holes offered lutein a hydrophobic environment to be
inserted, and the newly formed hydrogen bonds between lutein, alginate
and chitosan stabilized the lutein in the AL/CS complexes. The whole
process of making the lutein-loaded complexes was simple, and no toxic
compounds were involved. Thus, it should be a safe method for bioactive
compounds-loaded complex production. However, the stability of the
lutein loaded in the AL/CS complexes prepared can be different
depending upon the pH conditions. To better understand the applica
bility of the lutein complexes in food processing and increase the human
intake of lutein, the bioavailability of lutein in processed food products
should also be investigated.

3.3. Chemical stability of lutein
Loading lutein into AL/CS complex is proposed to increase its
chemical stability at high temperatures. To better understand the effect
of AL/CS complex on the stability of lutein under high temperature,
lutein in the free and complex forms was held at 70 ◦ C for 3 h in a brown
bottle to avoid the light effect. The retention rates of lutein were shown
in Fig. 5 A. Free lutein showed a retention rate of 51.28%, while the
lutein in the AL/CS complexes was significantly higher than the free
lutein. Specifically, the lutein retention rate in the G1 was 73.69%,
6
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