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In the present study, different organic and hybrid systems for quercetin (Qr) encapsulation were devel-
oped, namely Ca-Alginate (Qr-Alg), Ca-Alginate@Na-montmorillonite (Qr-Alg@Na-Mnt), and Ca-
Alginate@CPC-montmorillonite (Qr-Alg@CPC-Mnt).
Attenuated total reflecting-Fourier-transform infrared (ATR-FTIR) analysis was used to characterize

and prove quercetin encapsulation in the developed microcapsules. The encapsulation efficiency (EE)
and loading capacity (LC) of quercetin in elaborated biomaterials were determined. Besides, the release
kinetics of quercetin molecules from organic and hybrid microcapsules were carefully investigated in
two different aqueous mediums; pure distilled water and distilled water containing Tween 20 (1%, w/v).
The obtained results show that all developed microcapsules have a good encapsulation efficiency and

loading capacity within the range 97.65 ± 0.57–99.47 ± 0.38% for the EE and 19.26 ± 0.46–23.29 ± 0.82
mg/g for the LC. The release rates of Qr from organic microcapsules Qr-Alg, hybrid microcapsules Qr-
Alg@Na-Mnt, and Qr-Alg@CPC-Mnt in distilled water containing Tween 20 (1%, w/v) are 52, 49, and
113 times bigger, respectively, than release rate in distilled water.
In addition, the kinetics release from hybrid microcapsules was slower in comparison to organic micro-

capsules. Also, in the case of hybrid microcapsules, the rate of kinetic release of quercetin from Qr-
Alg@Na-Mnt was greater than the one from Qr-Alg@CPC-Mnt. This is due to the strong interactions of
quercetin molecules with nanoparticle functional groups of cetylpyridinium chloride modified montmo-
rillonite organoclay (CPC-Mnt) compared to sodium montmorillonite (Na-Mnt). The kinetics of Quercetin
release from all developed organic and hybrid microcapsules follows the Korsmeyer–Peppas model and is
controlled by non-Fickian diffusion.
Copyright � 2023 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Fifth edition of the
International Conference on Materials & Environmental Science.
1. Introduction

Quercetin (3,30,40,5,7-pentahydroxyflavone), a bioactive sub-
stance and a typical flavonol-type flavonoid, exists generally in a
variety of vegetables, fruit, and grains [1–3]. Quercetin has
attracted considerable attention by researchers, due to its benefi-
cial and promising application in the pharmaceutical field consid-
ering its activities as anti-cancer [4,5], antidiabetic [6], antiviral
[7,8], anti-inflammatory [9,10], and antibacterial [11,12], and also
as an antioxidant of oils [13].

On the other hand, the short half-life [14], the low water solu-
bility [15], and the low oral bioavailability of quercetin [16] make
it an exceptional candidate to research technological solutions to
improve its chemical stability, bioaccessibility, and ensure the goal
of slow-release for taking advantage of its powerful therapeutic
benefits [17].

Microencapsulation technology is a widely used and very effec-
tive way to protect bioactive substances. It can improve the stabil-
ity of the encapsulated component from external harsh conditions
ce.
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in final products and during processing, masking the undesirable
odors and tastes of ingredients, and helps with the deliverance of
the encapsulated matter at controlled rates, at a certain time,
and in a certain place [18,19]. The choice of shell material is an
important step when encapsulating a bioactive substance, gener-
ally, the physicochemical and mechanical characteristics of a
microcapsule are directly linked to this shell. Additionally, these
structural properties are easily affected by the structure and the
thickness of the wall material, the chemical composition, and the
size of the microcapsule [18,20].

Although different materials for preparing microcapsules have
been investigated, the organic and hybrid microparticles based
on sodium alginate biopolymer, and alginate/clay are the most
widely used due to their bioadhesive, biocompatible, biodegrad-
able, and bioavailability [3,21–23].

Alginate acid extracted from brown algae is a natural polysac-
charide that has many advantages compared to commonly used
biopolymers for hydrogel beads formulation [24]. The mannuronic
acid (M�block), gluconic acid (G-block), and mixed sequences of
M�G�blocks are the main chains that constitute the alginate poly-
mer. The sequence and ratio (M/G) of these uronic acids vary with
the origin of alginate and can determine its properties [25]. As a
result of the biocompatibility, biodegradability, low cost, and a
non-toxicity of such biomaterial and its gelling properties when
crosslinked with divalent ions such as Ca2+, Ba2+, and Fe2+ cations,
a broad range of applications can be found in food and pharmaceu-
tical industries as hydrogel encapsulation system [20,26–30].

Clay mineral–polymer hybrid microcapsules are a highly
intriguing option for modifying bioactive substance release.
Although clay minerals and polymers were commonly utilized as
single bioactive substance carriers in their pure form, this type of
material did not always satisfy all of the requirements. The devel-
opment of polymer-layered silicate hybrid materials provided the
opportunity to improve the characteristics of each component
individually [31–33].

The kinetics release and the release rate of bioactive substances
depend on several factors including the structure of these com-
pounds, their solubility in the phases inside the microparticles
and the release medium, and their interactions with microparticles
composition. Also, the physicochemical properties of the encapsu-
lating material like the pore size, shape, particle size, and the con-
centration gradient of bioactive substance between the
microcapsules wall and its surrounding environment [34–39].

As a contribution to a large number of researches on this mat-
ter, in the present study, we mainly focused on the encapsulation
of quercetin as a flavonoid bioactive substance in calcium alginate
organic microcapsules and alginate montmorillonite mineral clay
hybrid microcapsules. Organic and hybrid encapsulation systems
based on alginate polymer and two types of montmorillonite min-
eral clay, the sodium montmorillonite (Na-Mnt) and the cetylpyri-
dinium chloride modified montmorillonite organoclay (CPC-Mnt)
were developed to improve the chemical stability, the availability,
and the controlled release of quercetin in an aqueous medium.
2. Materials and methods

2.1. Materials

Sodium alginate (alginic acid sodium salt from brown algae,
#MKBZ4415V, medium viscosity, 5–40 cps of 1% aqueous solution)
was purchased from Sigma-Aldrich Co. (St. Louis, USA). Quercetin
(purity � 99%), Tri-sodium citrate, Tween 20, Dimethyl sulfoxide
(DMSO), and Calcium Chloride dihydrate were provided by
Sigma-Aldrich Co. (St. Louis, USA). Distilled water that was used
for the preparation of all samples has conductivity less than 2lS.
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The montmorillonite used in this study is a natural clay from
Nador (North-East of Morocco) that was purified and modified by
Na+ (Na-Mnt) and cetylpyridinium chloride (CPC) surfactant
(CPC-Mnt) according to the methods already described in our pre-
vious papers [40,41].

2.2. Preparing organic and hybrid microcapsules

Calcium alginate organic microcapsules and calcium alginate@-
montmorillonite hybrid microcapsules containing quercetin were
prepared using the ionotropic gelation method as described previ-
ously in our works [26] with some modifications. Briefly, for cal-
cium alginate organic microcapsules, sodium alginate solution
with a 3% (w/v) concentration was prepared by dissolving 0.75 g
of alginate polymer in 23 ml of distilled water at 900 rpm at room
temperature. Meanwhile, a quercetin solution was made by dis-
solving 0.2 g of quercetin in 8 ml DMSO. Then, 2 ml of the quercetin
solution were added to the sodium alginate solution (23 ml) under
magnetic stirring until a homogenized final solution formed.

For calcium alginate@montmorillonite hybrid microcapsules, a
suspension with 1% (w/v) of Na-montmorillonite (Na-Mnt) or
CPC-montmorillonite (CPC-Mnt) was prepared by dispersing
0.25 g of clay in 23 ml of distilled water at 900 rpm at room tem-
perature. After total dispersion of clay nanoparticles, 2 ml of the
quercetin solution were added to the clay suspension (23 ml)
under magnetic stirring until a homogenized final solution formed.
Then, 0.75 g of alginate polymer was added to the mixture of quer-
cetin and montmorillonite clay (25 ml) under magnetic stirring
until a homogenized final solution formed. The final homogenized
solutions were lefts to stand to remove air bubbles from the aque-
ous medium.

The gelling-bath solution was prepared by dissolving CaCl2 in
distilled water at 4 % (w/v). A pump was applied to control the
delivery of the mixed solutions through a tube that was connected
with a polypropylene micropipette tip, the mixture solutions fall
into the CaCl2 solution continuously.
3. Characterization techniques

3.1. Loading capacity (LC) and encapsulation efficiency (EE) of
quercetin in organic and hybrid microcapsules

The amount of quercetin (Qr) was determined by the direct
measurement of the absorbance using a UV–visible spectropho-
tometer at 376 nm. The concentration of Qr was obtained through
a calibration curve using Qr as the standard reference under the
same experimental conditions. Loading capacity was calculated
using the following formula:

Loading capacityðLC;g=gÞ ¼weight of Qr in the microcapsules ðgÞ
weight of dried microcapsules ðgÞ

The encapsulation efficiency was calculated using the formula
below:

Encapsulation ef f iciency ðEE;%Þ

¼ amount of Qr in the microcapsules
initial amount of Qr

� 100
3.2. Attenuated total reflecting-Fourier-transform infrared (ATR-FTIR)
analysis

To evaluate and confirm the interaction between alginate
microcapsules and quercetin molecules (Qr), the ATR-FTIR tech-
nique was used. The spectrums were carried out on a Jasco4700-



Fig. 1. Encapsulation Efficiency (EE) and Loading Capacity (LC) of Quercetin in Qr-
Alg, Qr-Alg@Na-Mnt, and Qr-Alg@CPC-Mnt microcapsules.
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ATR spectrophotometer (Shimadzu, Japan), in the wavelength
region between 400 and 4000 cm�1. Furthermore, each spectrum
was obtained by averaging 32 scans at a resolution of 4 cm�1.

3.3. Morphological characterization

A digital camera was employed for imaging to estimate the
morphology of the obtained organic and hybrid developed
microcapsules.

3.4. Quercetin kinetics release

The release of quercetin molecules from the elaborated
microparticles in a pure aqueous medium and an aqueous medium
containing Tween 20 (1% w/v) using an amber-colored glass bottle
was achieved using a UV–visible spectrophotometer. The analysis
was realized based on our previously described method [26],
briefly, a known amount of microcapsules was suspended in
100 ml of pure distilled water or distilled water containing Tween
20 (1% w/v). The samples underwent continuous agitation on a
Multi-Position magnetic stirrer (Variomag Poly 15, Germany) oper-
ating at 250 rpm. At defined time intervals, an aliquot of the super-
natant was taken for the measurement of the absorbance at
376 nm, and the released quercetin amount was obtained by using
concentration versus absorbance calibration curves with and with-
out Tween (1% w/v). Finally, 30 ml of a sodium citrate solution (2%,
w/v) were added and final absorbance was recorded and corrected
by considering the dilution.

3.5. Determination of release kinetics of quercetin from organic and
hybrids microcapsules

To determine release kinetic behavior for each developed
organic and hybrid microcapsules, zero-order, first-order, and
Korsmeyer-Peppas release models were studied (Table 1) [42,43].

Qt: Amount of the active compound released at time t (the
release time), Q0: initial value Q, whereas k0: zero-order release
constant, k1: first-order release constant, kp: Korsmeyer–Peppas
release constant and n is the diffusional exponent, indicative of
encapsulated compound release mechanism.

Using OriginPro 2018 software, the calculation of the squared
correlation coefficient (R2) was used to confirm the accuracy of
those models.
4. Results and discussions

4.1. Loading capacity (LC) and encapsulation efficiency (EE) of
quercetin in organic and hybrid microcapsules

The obtained results of the encapsulation efficiency (EE) and the
loading capacity (LC) for all elaborated organic and hybrid micro-
capsules such as Ca-Alginate (Qr-Alg), Ca-Alginate@Na-
montmorillonite (Qr-Alg@Na-Mnt) and Ca-Alginate@CPC-
montmorillonite (Qr-Alg@CPC-Mnt) are presented in Fig. 1. Con-
sidering the applied encapsulation method, the used polymer,
the montmorillonite clay properties, and quercetin solubility in
Table 1
Mathematical models used to describe the
release kinetics of quercetin.

Model Equation

Zero-order Qt ¼ k0t þ Q0

First-order Qt ¼ Q0ek1t

Korsmeyer–Peppas Qt ¼ kptn
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water, the LC and EE values were satisfying. As shown in Fig. 1,
all formulations show a higher EE, with the obtained values of EE
of Qr in calcium alginate (Qr-Alg), calcium alginate@Na-
montmorillonite (Qr-Alg@Na-Mnt), and calcium alginate@CPC-
montmorillonite (Qr-Alg@CPC-Mnt) are 97.65 ± 0.57%, 98.62 ± 0.
49%, and 99.47 ± 0.38% respectively. The higher EE is due to the
lower solubility of quercetin in water.

In addition, the loading capacity and encapsulation efficiency
are influenced by the incorporation of montmorillonite clay
nanoparticles and also, the clay type. Whereas, the LC values of
Qr in organics microcapsules (Qr-Alg), and hybrid microcapsules
(Qr-Alg@Na-Mnt) and (Qr-Alg@CPC-Mnt) are 19.26 ± 0.46, 20.25 ±
0.61, and 23.29 ± 0.82 (mg/g) respectively. This indicates that, fur-
ther to their barrier role, montmorillonite nanoparticles are the
encapsulation system for quercetin molecules.

Zulay Gabriela Cadena-Velandia et al. [3] mentioned that the
loading capacity and encapsulation efficiency of quercetin in algi-
nate microparticles are 1.43% ± 0.01% w/w, and 96.21% ± 0.05%
respectively. In other studies, the EE is lower than 94% [3,44,45].
Comparing our results with the reported study shows that our
elaborated encapsulation systems have a great loading capacity
for quercetin encapsulation.
4.2. Attenuated total reflecting-fourier-transform infrared (ATR-FTIR)
analysis

ATR-FTIR spectra of quercetin (Qr), blank calcium alginate
microcapsules (Ca-Alg), blank Ca-Alginate@Na-montmorillonite
hybrid microcapsules (Ca-Alg@Na-Mnt), blank Ca-Alginate@CPC-
montmorillonite hybrid microcapsules (Ca-Alg@Na-Mnt), calcium
alginate microcapsules loaded quercetin (Qr-Alg), Ca-
Alginate@Na-montmorillonite hybrid microcapsules loaded quer-
cetin (Qr-Alg@Na-Mnt), and Ca-Alginate@CPC-montmorillonite
hybrid microcapsules loaded quercetin (Qr-Alg@CPC-Mnt) are pre-
sented in Fig. 2.

The ATR-FTIR spectrum of quercetin (Qr) showed a broad peak
at 3253.32 cm�1 attributed to the stretching vibration of the phe-
nolic OH group. The peak observed at 1660.41 cm�1 is for aryl C = O
stretching. The peaks at 1605.45 cm�1, 1509.99 cm�1, and
1461.78 cm�1 are due to the aromatic stretching of C–C, C = O,
and C = C respectively. The peaks at 1349.93 cm�1 and
1312.32 cm�1 are due to the bending of phenolic � OH and aro-
matic C–H. The peaks at 1239.04 cm�1 and 1209.15 cm�1 are due



Fig. 2. ATR-FTIR spectra of quercetin (Qr), blank microcapsules, and quercetin-
loaded microcapsules.
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to the stretching of aryl ether C–O and phenols C–O. A similar
observation was observed by other authors [3,44–46].

For the blank calcium alginate microcapsules (Ca-Alg) a broad
peak at 3342 cm�1 was assigned to H2O molecules. Additionally,
for the two peaks of COO– groups, a remarked shift toward higher
wavenumber was observed (1598 cm�1 and 1435 cm�1 for the
symmetrical and asymmetrical vibrations respectively), suggesting
that Ca2+ cross-linked the COO– groups of the alginate.

The ATR-FTIR spectra of blank hybrid microcapsules (Ca-
Alg@Na-Mnt) show that all the characteristic bands of the calcium
alginate organic microcapsules have appeared. Therefore, it is
inferred that sodium montmorillonite and calcium alginate act as
a simple physical mixture. Moreover, in the case of the blank
hybrid microcapsules (Ca-Alg@CPC-Mnt), two bands at 2927.41
and 2851.24 cm�1 attributed to the stretching vibration of the alkyl
CH2 chain of CPC have been observed.

The encapsulation of quercetin in organic and hybrid microcap-
sules shows the shifting of stretching vibration of the O–H group to
the lower frequencies. Moreover, practically all peaks of the quer-
cetin molecule and the composition of the microcapsules dimin-
ished or augmented in intensity, widened, or shifted. This
observation indicates that there may be a hydrogen-bonding inter-
action between the quercetin molecules and the functional groups
of alginate and montmorillonite as reported in numerous previous
papers [3,22,23,44–46].

4.3. Morphological characterization

Fig. 3) presents the digital photos of blank calcium alginate
organic microcapsules (Ca-Alg), blank Ca-Alginate@Na-
montmorillonite hybrid microcapsules (Ca-Alg@Na-Mnt), blank
Ca-Alginate@CPC-montmorillonite hybrid microcapsules (Ca-
Alg@Na-Mnt), calcium alginate microcapsules loaded quercetin
(Qr-Alg), Ca-Alginate@Na-montmorillonite hybrid microcapsules
loaded quercetin (Qr-Alg@Na-Mnt), and Ca-Alginate@CPC-
montmorillonite hybrid microcapsules loaded quercetin (Qr-
Alg@CPC-Mnt).

The morphological characterization results show that all
obtained organic and hybrid microcapsules have spherical and
smooth surface textures with relatively uniform distribution sizes.
By comparing the blank microcapsules photos with loaded ones, it
is noticed the encapsulation of quercetin molecules. In addition,
the LC and EE results show that the Qr-Alg@CPC-Mnt hybrid micro-
capsules have a higher EE and LC compared to the hybrid Qr-
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Alg@Na-Mnt and organic Qr-Alg capsules, which is in agreement
with the appeared color of quercetin-loaded microparticles.
4.4. Quercetin kinetics release

Fig. 4) represents, the kinetics release of the quercetin from
organic microcapsules the Qr-Alg and hybrid microcapsules the
Qr-Alg@Na-Mnt, and the Qr-Alg@CPC-Mnt at 25 �C in distilled
water (Fig. 4A) and in distilled water containing Tween 20 (1%,
w/v) (Fig. 4B). The obtained results show that the release of Qr in
distilled water was slower in comparison to distilled water con-
taining Tween 20 (1%, w/v) for all microcapsules types. The
restricted solubility of the quercetin molecules in the aqueous
medium would be the reason.

For the release in distilled water (Fig. 4A), the cumulative
release of quercetin was 1.68, 1.51, and 0.56% in 10 h from the
organic microcapsules Qr-Alg and the hybrid microcapsules Qr-
Alg@Na-Mnt, and Qr-Alg@CPC-Mnt respectively.

However, the cumulative release of quercetin in distilled water
containing Tween 20 (1%, w/v) (Fig. 4B) was 87.67, 74.69, and
63.40% in 36 h, respectively, from the organic microcapsules Qr-
Alg and the hybrid microcapsules Qr-Alg@Na-Mnt, and Qr-
Alg@CPC-Mnt.

As is seen in Fig. 4, the structure and the composition of the
microcapsules matrix showed a clear effect on the kinetics release
of quercetin. The kinetics release from hybrid microcapsules was
slower in comparison to organic microcapsules, also, in the case
of hybrid microcapsules, the quercetin release from Qr-Alg@Na-
Mnt was faster than the release of quercetin from Qr-Alg@CPC-
Mnt, this trend can be explained by the high hydrophobicity of
organoclay nanoparticles (CPC-Mnt) compared to sodium mont-
morillonite nanoparticles (Na-Mnt). This indicates that the querce-
tin molecules are in strong interactions with nanoparticle
functional groups of CPC-Mnt compared to Na-Mnt.

The release results showed that the incorporation of montmo-
rillonite nanoparticles in alginate microcapsules improved the con-
trolled release of quercetin. Also, the release medium is a
parameter to control the kinetics release of encapsulated
substances.
4.5. Determination of release kinetics of quercetin from organic and
hybrids microcapsules

Based on the values of the correlation coefficients (R2) shown in
Table 2, the release of quercetin from all developed microcapsules
fits the Korsmeyer-Peppas model.

The Korsmeyer–Peppas model descript and determine the
release mechanism of the encapsulated substance between three
expected mechanism, Fickian release (diffusion-controlled
release), non-Fickian release (anomalous transport), and case-II
transport (relaxation-controlled release) [43,47].

The use of Korsmeyer–Peppas model requires the determina-
tion of exponent n, accordingly, it is suggested to use only the first
60% of the substance release data. The n value gives clue about the
type of the release mechanism, in which the Fickian release is ver-
ified at n value less than 0.43, while the non-Fickian release mech-
anism is established where n value is between 0.43 and 0.85,
although the n value higher than 0.85 indicates the case-II trans-
port release [43,47,48].

In all release mediums and for all elaborated encapsulation sys-
tems, the n values were between 0.43 and 0.85, which indicates
that the quercetin mechanism release accord to the non-Fickian
diffusion. Meaning that during the quercetin release, sharp barriers
are separating the highly swollen regions from the crystalline
regions.



Fig. 3. Digital photos of blank microcapsules, and quercetin-loaded microcapsules.

Fig. 4. Kinetics release of the quercetin from organic and hybrid microcapsules in (A) distilled water and (B) distilled water containing Tween 20 (1%, w/v).

Table 2
The release kinetics parameters of quercetin for different models.

Microcapsules code mathematical models

Zero-Order First-Order Korsmeyer-Peppas

Release in pure distilled water

R2 k0 R2 k1 R2 kp n

Qr-Alg 0.9552 0.0678 0.8895 1.7244 0.9945 0.0166 0.4757
Qr-Alg@Na-Mnt 0.9876 0.0608 0.9408 1.7982 0.9996 0.0125 0.4836
Qr-Alg@CPC-Mnt 0.9825 0.0275 0.9202 2.0681 0.9995 0.0046 0.5624
Microcapsules code Release in distilled water containing Tween 20 (1%, w/v)

R2 k0 R2 k1 R2 kp n
Qr-Alg 0.9864 0.1073 0.9142 0.3453 0.9910 0.1219 0.5541
Qr-Alg@Na-Mnt 0.9846 0.1113 0.8891 0.3371 0.9982 0.1163 0.5505
Qr-Alg@CPC-Mnt 0.9852 0.0763 0.8930 0.3021 0.9958 0.1035 0.4916
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3284



K. Essifi, M. Brahmi, D. Berraaouan et al. Materials Today: Proceedings 72 (2023) 3280–3286
5. Conclusion

In summary, bioactive substance delivery systems based on the
alginate polymer and two types of montmorillonite mineral clay,
the sodium montmorillonite (Na-Mnt) and the cetylpyridinium
chloride modified montmorillonite organoclay (CPC-Mnt) were
successfully prepared by the ionotropic gelation method.

The ATR-FTIR result confirmed the incorporation of quercetin in
the organic and hybrid microcapsules, with a possibility of its
interaction with the composition of the microparticles. The
obtained microcapsules appeared spherical with smooth surface
texture and relatively uniform distribution sizes.

The loading capacity (LC) and encapsulation efficiency (EE)
were found to be influenced by the incorporation of montmoril-
lonite mineral clay nanoparticles and also, by the nature of the clay
type.

The release kinetics of quercetin as flavonoid bioactive sub-
stance loaded organic and hybrid microcapsules were studied in
distilled water and distilled water containing Tween 20 (1%, w/
v). The obtained result showed that the release of Qr in distilled
water was slower in comparison to the release in distilled water
containing Tween 20 (1%, w/v) for all developed microcapsules.

On the other hand, the kinetics release from hybrid microcap-
sules was slower in comparison to organic microcapsules, also, in
the case of hybrid microcapsules, the quercetin release from Qr-
Alg@Na-Mnt was faster than the release of quercetin from Qr-
Alg@CPC-Mnt. This indicates that the quercetin molecules are in
strong interactions with nanoparticle functional groups of CPC-
Mnt compared to Na-Mnt. The kinetics of Quercetin release from
all developed organic and hybrid microcapsules follows the Kors-
meyer–Peppas model and is controlled by non-Fickian diffusion.

The findings indicate that the developed hybrid microcapsules
based on alginate polymer and sodium montmorillonite (Na-
Mnt) or cetylpyridinium chloride modified montmorillonite organ-
oclay (CPC-Mnt) are promising systems to encapsulate and control
the release of water-insoluble flavonoid compounds such as quer-
cetin to further increase their applications in functional
formulations.
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