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ABSTRACT
Background: This study falls within the field of employing polymeric
systems for the protection and delivery of bioactive compounds in food and
pharmaceutical industries. In this regard, hybrid hydrogels based on iota-
carrageenan and inulin have been highlighted as promising matrices for
lutein encapsulation.
Aims: The aim of this study was to design an iota-carrageenan—inulin
hybrid hydrogel as a delivery system for lutein and to evaluate the effect of
various inulin concentrations (15, 20, and 25% w/w) on the structural
stability, encapsulation efficiency, and antioxidant activity of the system.
Methods: The structure of the hydrogels was characterized using X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and
scanning electron microscopy (SEM). Furthermore, the encapsulation
efficiency, stability over 30 days of storage, and antioxidant activity of
lutein were evaluated using the DPPH assay.
Results: XRD results indicated a predominantly amorphous structure with
limited semi-crystalline domains, and the addition of lutein reduced
crystallinity while increasing the amorphous phase. FTIR analysis
confirmed the formation of hydrogen bonds and interactions among the
components. SEM images revealed a compact structure for the empty
hydrogel and a porous structure for the lutein-loaded samples. The
encapsulation efficiency reached 82% at 25% inulin concentration.
Stability assessments over 30 days showed that the hydrogel containing
25% inulin preserved 78% of the lutein, compared to 50% in the control
sample. Finally, the antioxidant activity of the encapsulated lutein was
reported with an 1C50 value of 32.8 pg/mL.
Conclusion: Overall, the iota-carrageenan—inulin hydrogel with 25%
inulin is proposed as an effective system for the encapsulation, protection,
and delivery of lutein in food and pharmaceutical products.
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Extended Abstract

Introduction: Lutein is a xanthophyll carotenoid
with a conjugated polyene structure that plays an
important role in protecting the macula against
oxidative damage induced by blue light.
Epidemiological evidence has shown that adequate
lutein intake may reduce the risk of age-related
macular degeneration; however, its practical
application in food and pharmaceutical systems is
limited by its high sensitivity to light, heat, oxygen,
and acidic conditions, as well as its poor
dispersibility in agueous media due to its lipophilic
nature. Therefore, the development of suitable
carrier systems for lutein encapsulation and
stabilization is of considerable importance.
Polysaccharide-based hydrogels have attracted
increasing attention as encapsulation matrices
because of their biocompatibility, biodegradability,
and ability to form three-dimensional water-
retaining networks. Among them, iota-carrageenan
is capable of forming elastic, transparent, and
stable gels in the presence of divalent ions such as
calcium, although its pure gel system may have
limitations in thermal stability. Inulin, a fructan
polysaccharide, can act as a structuring agent and
strengthen the gel network by increasing viscosity
and promoting intermolecular entanglement.
Accordingly, the present study aimed to design an
iota-carrageenan—inulin hybrid hydrogel as a
carrier for lutein and to evaluate the effect of
different inulin concentrations on structural
properties, encapsulation efficiency, storage
stability, and antioxidant activity.

Materials and Methods: lota-carrageenan, inulin
from chicory root, lutein, Tween 80, hexane,
ethanol, calcium chloride, and DPPH were used in
this study. The hydrogel base was prepared by
dissolving 3 g of iota-carrageenan in 97 mL of
deionized water to obtain a 3% w/w solution. Inulin
was then incorporated at 15, 20, and 25% wi/w
relative to the total hydrogel weight. The mixture
was stirred at 70°C for 30 min at 500 rpm until a
clear solution was obtained, then cooled to 50°C.
Gelation was induced by adding CaCl: to a final
concentration of 20 mM.

For lutein-containing samples, 0.1 g lutein was first
dispersed in 4 g Tween 80 and stirred for 30 min at
25°C until a uniform premix was formed. This
premix was added to the hydrogel phase before
CaCl, addition and stirred for an additional 15 min.

The samples were stored at 4°C for 24 h to
complete gelation. Both lutein-free and lutein-
loaded hydrogels were prepared for each inulin
level. For XRD and FTIR analyses, samples were
freeze-dried at -50°C and 0.1 mbar for 48 h.
Encapsulation efficiency was determined by
extracting free lutein from the hydrogel with n-
hexane, followed by  spectrophotometric
measurement at 441 nm. A lutein calibration curve
was constructed using standard solutions in
hexane:ethanol (1:1). Storage stability was
evaluated over 30 days. Antioxidant activity was
determined by the DPPH assay.

Results and discussion: The structural analyses

confirmed successful incorporation of lutein into
the hybrid hydrogel matrix. XRD results showed a
broad halo in the range of 26=18-2502\theta = 18—
25Mcirc20=18-250, indicating an essentially
amorphous structure with limited semi-crystalline
domains. Upon lutein incorporation, the intensity
of the halo significantly decreased (p<0.05),
suggesting reduced crystallinity and an increase in
the amorphous phase. FTIR spectra further
confirmed hydrogen bonding interactions among
the hydrogel components, while the reduced OH-
band intensity in lutein-containing samples
indicated molecular interactions between lutein
and the polymeric matrix. SEM images revealed
that the lutein-free hydrogel had a compact and
uniform structure, whereas the lutein-loaded
sample exhibited a more porous and heterogeneous
microstructure.

Encapsulation efficiency increased significantly
with rising inulin concentration (p<0.05). The
EE% values for hydrogels containing 15, 20, and
25% inulin were 71+2%, 76+1.5% and 82+1.2%,
respectively. This improvement can be attributed to
increased viscosity of the continuous phase, greater
polymer chain entanglement, and formation of a
denser gel network with smaller pores, which more
effectively entrapped lutein within the matrix.
Inulin, unlike many gums that mainly increase
viscosity, is able to form a strong gel network and
act as a physical barrier against oil-phase
migration. The 25% inulin system showed the
highest entrapment efficiency and appears
particularly suitable as a wall material for sensitive
bioactive compounds.

Storage stability results showed that the control
sample, in which lutein was dispersed in Tween 80,
experienced approximately 50% degradation after
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30 days, likely due to high permeability to oxygen
and light and the absence of an effective physical
barrier. In contrast, hydrogels containing 15, 20,
and 25% inulin retained about 65%, 72%, and 78%
of the initial lutein, respectively. The improved
stability with higher inulin levels is associated with
greater network density, smaller pore size, reduced
oxygen permeability, and the formation of quasi-
glassy structures that restrict molecular mobility.
The protective performance of the 25% inulin
hydrogel was significantly superior to the other
formulations (p<0.05).

The DPPH assay showed that lutein had
concentration-dependent antioxidant activity. As
lutein concentration increased from 10 to 50
pg/mL, radical scavenging activity rose from
approximately 17% to 69%. The calculated 1C50
value was 32.8 pg/mL, indicating moderate to
relatively strong antioxidant power. This activity is
mainly related to the conjugated polyene chain of
lutein, which can donate hydrogen or electrons to
free radicals, and to the hydroxyl groups at the ends
of the molecule that stabilize the resulting radical.
The obtained IC50 value was consistent with
previously reported ranges for natural lutein,
suggesting that encapsulation did not significantly
impair its intrinsic antioxidant potential.

Conclusion: The results of this study clearly
demonstrated that the iota-carrageenan—inulin
hybrid hydrogel is an effective system for lutein
encapsulation, protection, and delivery. XRD,
FTIR, and SEM analyses confirmed successful
entrapment of lutein within the polysaccharide
matrix, accompanied by reduced crystallinity,
disruption of hydrogen bonding, and a more porous
microstructure. Increasing the inulin concentration
from 15 to 25% significantly improved
encapsulation efficiency from 71% to 82% and
enhanced lutein stability during 30 days of storage
from 65% to 78% retained lutein, primarily due to
increased gel network density and lower oxygen
permeability. Among the tested formulations, the
hydrogel containing 25% inulin was identified as
the optimal system. Encapsulated lutein also
exhibited concentration-dependent antioxidant
activity with an 1C50 of 32.8 pug/mL. Overall, the
proposed hydrogel system shows strong potential
for use in the food industry, pharmaceutical
formulations, and cosmetic applications. Future
studies should focus on rheological behavior,
digestibility, and in vivo bioavailability of this
system.
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Figure 4: Stability of lutein in iota-kappacarrageenan-Inulin hydrogels (15,20,25% inulin)
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