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Abstract: The main goal of the present study was to investigate the microencapsulation, in vitro
release capacity and efficiency of catechin-rich Acacia catechu extract by Clinosorbent-5 (CLS-5) mi-
croparticles by in-depth detailed analyses and mathematical modelling of the encapsulation and
in vitro release kinetics behaviour of the polyphenol-mineral composite system. The bioflavanol
encapsulation and release efficiency on/from the mineral matrix were assessed by sorption experi-
ments and interpretative modelling of the experimental data. The surface and spectral characteristics
of the natural bioactive substance and the inorganic microcarrier were determined by Fourier Trans-
form Infrared Spectroscopy (FTIR) and Ultraviolet/Visible (UV/Vis) spectrophotometric analyses.
The maximum extent of catechin microencapsulation in acidic medium was 32%. The in vitro re-
lease kinetics study in simulated enzyme-free gastric medium (pH = 1.2) approved 88% maximum
release efficiency achieved after 24 h. The in vitro release profile displayed that the developed
bioflavanol/clinoptilolite microcarrier system provided sustained catechin in vitro release behaviour
without an initial burst effect. Thus, the results from the present study are essential for the design
and development of innovative catechin-CLS-5 microcarrier systems for application in human and
veterinary medicine.
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1. Introduction

The potential applications of clinoptilolite as a promising drug-carrier material for
biomedicine and pharmaceutics were intensively studied and reviewed, especially up to the
first decade of the XXI century. Later on, a significant decline of such type of investigations
was observed, probably due to the emerging interest in various biopolymer formulations
as efficient drug excipients. However, nowadays, a revival of studies on the potential of the
natural zeolitic tuff as a drug-carrier candidate is of utmost importance due to its essential
and indisputable physicochemical properties—non-toxicity, thermal stability, expanded
surface area, exceptional ion-exchange and adsorption capacity towards ions and organic
molecules [1], biocatalytic potential and a number of biological activities [2].

Clinoptilolites displayed antioxidative and anticancer activity [3,4] and support the
immune activity [5]. They are stable in the gastrointestinal tract, and due to their unique
selective sorption potential, they could adsorb toxins, heavy metals and free radicals from
the body and excretes [6–8].

Topashka-Ancheva et al. established that the structure of chromosomes and red blood
cells, as well as the mitotic index and erythropoiesis, was significantly improved by the
supplementation of Pb-exposed laboratory mice the with clinoptilolite sorbent clinosorbent
KLS-10-MA, based on natural Bulgarian clinoptilolite. These findings ascertained that

Molecules 2021, 26, 1655. https://doi.org/10.3390/molecules26061655 https://www.mdpi.com/journal/molecules

https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-8159-4530
https://doi.org/10.3390/molecules26061655
https://doi.org/10.3390/molecules26061655
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26061655
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules26061655?type=check_update&version=2


Molecules 2021, 26, 1655 2 of 18

the clinoptilolite sorbent KLS-10-MA exerted a significant favourable effect and could be
applied as a reliable tool for detoxification of human and animal organisms chronically
poisoned by heavy metals [9].

Besides, considering the close relation of biochemical processes to ion exchange,
adsorption and catalysis, natural and/or modified clinoptilolites could offer a significant
contribution to the pharmaceutical industry and medicine in the near future [10].

In this respect, the possible encapsulation of ions and drug molecules in the alumosili-
cate open framework, and their subsequent controlled release, are among the most valuable
pharmacological applications of zeolite type materials [11–14].

The novel study of Strzempek et al. displayed the potential of a zeolite, composed of
zeolite ferrierite layers with embedded choline cations, as an efficient ciprofloxacin and
piracetam carrier. The established differences in the release behaviour of both drugs were
attributed to strong host–guest interactions responsible for the modified, slowed down
release of piracetam, while the better solubility and higher release rate of ciprofloxacin was
due to protonation and subsequent weaker interactions between the drug molecules and
zeolite [15].

Earlier studies reported the potential of clinoptilolite as a carrier of conventional
pharmaceuticals, such as nonsteroidal anti-inflammatory drugs (ketoprofen, diclofenac),
antibiotics, salicylic acid, metformin HCl, etc. [13,16]. Jevtic et al. established a two-
stage in vitro release mechanism of salicylate ions from benzalkonium chloride-modified
clinoptilolite with 50% release efficiency within the first 15 min, followed by 30% slow
release within the next 5 h [13]. A study on the adsorption of the anti-tuberculosis drug
isoniazid in mordenite, faujasite-Y and beta zeolite indicated that total drug sorption was
due to partial internal surface adsorption in the zeolite channels and partial absorption in
the external surface, which is directly related to the ratio total superficial area/quantity
of crystalline isoniazid in the mineral frameworks [17]. Mavrodinova et al. reported a
successful simplified procedure for the preparation of a dual Ag-sulfadiazine drug delivery
system based on zeolite Y-carrier. It was established that the solid-state sulfadiazine
deposition method provoked restriction of the reaction between the drug and silver within
the limits of inter-atomic interaction. The latter resulted in total but prolonged drug release,
which outlined the perspective of the designed drug release system for burn injury topical
applications [18].

Scientific literature presents a great number of studies on the bioactivity and major
health benefits of various naturally derived polyphenols and bioflavonoids [19]. The
major concerns of their direct administration as therapeutic agents arise from limitations
associated with low bioavailability, poor solubility in the gastrointestinal fluids, sensitivity
to oxidation, incomplete absorption from the gastrointestinal tract, reduced or no biological
activity and toxicity. To cope with these restrictions, modern scientific studies have been
directed towards the design of innovative carrier systems. However, limited number of
investigations is subjected to the potential of natural mineral materials as carriers of natural
biologically active compounds.

Zeolite Y-gelatin composite was used as a drug-carrier matrix for oral drug delivery
of the monocyclic sesquiterpene zerumbone, isolated from Zingiber Zerumbet (L) Smith
rhizomes [20]. Karimi et al. reported 37.76%–61% encapsulation efficiency of pH-sensitive
zeolite-based nanocomposites towards the hydrophobic curcumin [21]. Silica-based and
microporous zeolite materials were used as carriers for the preparation, by solid-state dry
mixing method, of resveratrol-loaded delivery systems. The applied method proved to be
effective for the encapsulation, sustained in vitro release (100% in simulated gastric and
intestinal fluid after 5 h), stabilisation of the drug and enhanced solubility [22].

In addition to effective encapsulation and sustained release, a number of studies
reported increased synergistic bioactivity of biologically active substances-loaded zeolite
formulations. Tomeckova et al. established that clinoptilolites modified with the pharma-
cologically active natural substances escin and horse chestnut extract displayed increased
anticancer activity in adenocarcinomic human alveolar basal epithelial cells [23]. A zeo-
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lite/salicylic acid composite displayed significant antibacterial activity against Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus) in a dose of 0.5 g/100 cm3 within 1 h of
contact [13]. Two independent tests on L929 mice fibroblasts showed that two-dimensional
(2D) zeolite with ferrierite layer topology may be safely used as a carrier of drug molecules
in moderate concentrations without negative effect on the cells’ viability or proliferation
rate [15]. The application of clinoptilolite as a gastric antacid, antidiarrheic agent and a
potential adjuvant in anticancer therapy has also been reported [1,21,24,25].

Our previous investigations on the host–guest interactions, the mechanism of caffeine
and D,L-α-tocopherol acetate encapsulation and in vitro release demonstrated the applica-
bility and efficiency of natural and modified Bulgarian zeolites as drug-carriers [26,27].

The lack of studies on the potential and efficiency of natural Bulgarian clinoptilolites
as excipients of bioflavonoids, especially catechins, provoked the present investigations.
The objectives of the present study were determined by the fact that detailed knowledge
on the mass transfer mechanism of drug release is among the major prerequisites to the
systematic improvement of the design and activity of drug delivery systems [28].

Thus, the main goal was to investigate the microencapsulation and in vitro release
capacity and efficiency of catechin-rich Acacia catechu extract by Clinosorbent-5 (CLS-5) mi-
croparticles by in-depth detailed analyses and mathematical modelling of the encapsulation
and in vitro release kinetics behaviour of the polyphenol-mineral composite system.

2. Results and Discussion
2.1. CLS-5 Characterisation

The chemical content and physicochemical properties of CLS-5 are presented in Refer-
ence [29]. The comparative estimation of the data for two types of natural clinoptilolites
(from Beli Plast and Beli Bair deposits, Bulgaria) and CLS-5 indicated that the modified
mineral was characterised with the highest CaO and Na2O content, 1.5 times higher total
cation exchange capacity and 1.1–1.5 times higher sorption capacity towards Sr+2, Cs+,
Pb+2 and Cd+2, as well as alkaline pH. The ratio SiO2/Al2O3 of zeolitic tuffs has been deter-
mined as a significant indicator, which is directly proportional to their acid stability [9]. The
relatively high SiO2/Al2O3 ratio of CLS-5 (SiO2/Al2O3 = 6.13) is indicative of its stability
in simulated enzyme-free gastric fluid.

The high-resolution Scanning Electron Microscopy SEM images of recrystallised
clinoptilolite druses at magnification ×1000 (Figure 1A) and ×2000 (Figure 1B) show the
well-developed porous structure of the mineral microparticles. Obviously, most of the
crystals are non-agglomerated and well-defined as plates/slats with prismatic form and
regular morphology due to the high concentration of silica. The absence of fibrous phases
represents the high phase purity of CLS-5.

Figure 1. SEM images of druse of recrystallised clinoptilolite at magnification: (A) ×1000 and (B) ×2000.
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The latter observations are a prerequisite for the suitability of CLS-5 for application
as a medical device and/or dietary supplement and justify its potential as a drug-carrier
candidate for therapeutic purposes.

With regard to the production of CLS-5, the documentation was collected and ap-
proved by the Department of Health Prevention and State Sanitary Control at the Ministry
of Health, Bulgaria (Letter No. 33-00-183/1993).

2.2. UV-Vis Spectrophotometric Analyses

The concentration of catechin in the spray-dried extract of Acacia catechu was determined
by a non-derivative (ND) and first derivative (FD) UV-Vis spectrophotometric methodology
developed by us at pH 7.9 and pH 4.0 [30]. The method is characterised with significant
average percent recovery (≈97%) of the bioflavonoids in the raw plant extracts. Due to the fact
that catechin is unstable and easily oxidised, especially in alkaline medium, all UV-Vis analyses
and encapsulation experiments were conducted at pH = 4. The ethanol extract solutions were
acidified with 2N CH3COOH. The choice of acetic acid was dictated by the fact that the newly
designed catechin-clinoptilolite complexes are intended for biomedical applications.

Acacia catechu extracts with initial catechin concentrations in the range C0 = 50–200 µg/cm3

were used in the encapsulation experiments.
Figure 2 shows the UV absorbance spectra of Acacia catechu ethanol extract before and

after the contact with the clinoptilolite microparticles. The analysis of the spectra indicates
that the contact of the bioorganic molecules with the carrier framework does not produce
any damage on the structure of the organic molecules.

Figure 2. UV-Vis spectra of Acacia catechu extract before (C0 = 50 µg/cm3) and after encapsulation
(Ce = 32.7 µg/cm3).
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2.3. FTIR Analyses

The FTIR spectra of spray-dried catechin powder, clinoptilolite and three catechin-
clinoptilolite complexes (with initial bioflavanol concentrations C0 = 100, 120 and 200 µg/cm3)
are displayed in Figure 3. The wavelengths of the characteristic bands and the corresponding
designations are presented in Supplementary Materials Table S1.

Figure 3. FTIR spectra of spray-dried catechin powder, clinoptilolite and catechin-loaded clinoptilolite.

The absorption bands at 3516 and 1282–1029 cm−1 in the catechin spectrum are
related to hydrogen bond formation. The slight shift of these wavenumbers to lower
frequencies (3438 and 1060 cm−1, respectively), which were observed in the spectra of
catechin-clinoptilolite microparticles, depicts formation of H-bonds between catechin -OH-
groups and the two types of CLS-5 OH-groups: lattice termination silanol groups, located
on the external surface, and bridging OH-groups with Bronsted acidity. Furthermore, the
spitted peaks at 879 and 844 cm−1 are indicative of the presence of a benzene ring in the
polyphenol molecule. This band was found to shift to a lower frequency (835 cm−1), to
broaden and to become sharper with decreasing catechin concentration in the three studied
catechin-CLS-5 samples. These observations undoubtedly confirm the encapsulation of
catechin in the mineral microparticles. Similar trends were observed for the deviations of
the 565 and 503 cm−1 spectra that are responsible for C=C–C-aromatic ring asymmetric
bending and C–H out-of-plane aromatic ring bending. The gradual decrease of the peak
intensities was directly proportional to the decrease of catechin initial concentration in the
polyphenol-mineral composite systems [27,31–34].

The comparative analyses of the experimental FTIR data established that catechin-
loaded clinoptilolite matrices predominantly exhibited the characteristic peaks of the
polyphenol, and the quantity of the encapsulated bioactive organic molecules increased
with increasing catechin initial concentration.
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2.4. Catechin Encapsulation Study

The effect of catechin initial concentration on the extent of its encapsulation by the
mineral microparticles was investigated at equilibrium conditions with series of solutions
with different polyphenol concentrations in the range 50–200 µg/cm3. The experimental
data is presented in in Supplementary Materials Table S2. The maximum encapsulation
capacity (EC) of CLS-5 (EC = 0.98 µg/mg) was attained at 200 µg/cm3 initial polyphenol
concentration after 2 h, whilst the highest encapsulation efficiency (EE = 32%) was achieved
at 50 µg/cm3 initial catechin concentration.

The mechanism of the processes of biologically active molecules’ incorporation into
mineral networks via sorption is essential when designing novel drug-carrier systems as it
reveals the rate-limiting stage/s, as well as the possible host–guest interactions between the
physiologically active compounds and the recipients, which in turn provide a fundamental
basis for explaining the in vitro release performance of the system. Mathematical modelling
of mass transfer processes is the major tool to reveal this mechanism and to predict the
behaviour of the system at varying operational conditions. Thus, nine mathematical models
were applied to describe the process of catechin encapsulation into CLS-5 microparticles in
the present study.

Some of the models generally consider the nature of the solid surface: homo- or
hetero-geneous, and assist the distinguishment between mono- and multi-layer sorption,
while others depict intermolecular interactions, pores/active sites distribution, process
feasibility, etc. (Supplementary Material Table S3).

The values of the model parameters, regression coefficients (R2) and error functions:
sum of squared errors (SSE), mean squared error (MSE), root-mean-square error (RMSE), of
the Langmuir, Freundlich, Flory-Huggins, Fowler-Guggenheim, Temkin and the multilayer
isotherm models (Table 1) were obtained through non-linear regression analyses.

According to Langmuir, adsorption is proportional to the fraction of the surface of the
adsorbent that is open, while desorption is proportional to the fraction of the adsorbent
surface that is covered. The Langmuir model assumes that the maximum sorption capacity
corresponds to complete monolayer coverage of the molecules on the solid surface with no
interaction between them. In addition, this empirical model refers to the same activation
energy of sorption when the sorption of each molecule occurs at definite localised sites onto
a homogeneous surface without transmigration of the adsorbate in the plane of the surface.
The encapsulation monolayer capacity of clinoptilolite predicted by the Langmuir model
(qm) (Table 1) was approximately equal to the experimentally obtained maximum capacity,
i.e., according to the model assumptions, all catechin molecules are incorporated in the
form of a monolayer on the solid particles surface. The latter concept was totally rejected
by the assumptions and the proven significantly higher suitability of the multilayer model.
Undoubtedly, according to the statistical and error analyses (Table 1) and to the mode of
the model isotherm (Figure 4), the multilayer model suggests the best correlation with
the experimental equilibrium data. The approximately equal values of the equilibrium
constants for first layer (K1) and multilayer (K2) sorption suggest a comparable extent of
catechin molecules’ monolayer formation and further multilayer encapsulation within the
solid carrier pores and channels. Besides, the computed maximum monolayer capacity, Qm
= 0.687 µg/mg, was 30% lower than the maximum experimentally determined capacity,
which proves the presence of available vacant active sites within the solid particles, which
could explain the formation of multilayers of catechin molecules.
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Table 1. Encapsulation mathematical models—model parameters and error function values.

Model Model Parameters Error Functions

Two-parameter models

Langmuir
qm = 0.970
KL = 0.069

∆Go = −6.735

R2 = 0.975
SSE = 0.015
MSE = 0.004

RMSE = 0.061

Freundlich
KF = 0.332

nF = 0.2
∆Go = −2.778

R2 = 0.982
SSE = 0.011
MSE = 0.002

RMSE = 0.047

Flory-Huggins
∆Go = RT ln (KFH)

nFH = 0.2478
KFH = 0.5294

∆Go = −1.6022

R2 = 0.9668
SSE = 0.018
MSE = 0.006

RMSE = 0.063

Fowler-Guggenheim
KFG = 0.9535

W = 8.96
∆Go = −0.120

R2 = 0.9258
SSE = 0.025
MSE = 0.011

RMSE = 0.075

Three-parameter models

Multilayer isotherm

Qm = 0.687
K1 = 0.844
K2 = 0.842

∆Go = −0.427

R2 = 0.9893
SSE = 0.008
MSE = 0.003

RMSE = 0.053

Temkin

b = 14.0577
K1 = 0.1792
K2 = 1.0788

∆Go = −4.331

R2 = 0.977
SSE = 0.014
MSE = 0.004

RMSE = 0.060
In bold—the best fitting model.

Figure 4. Experimental and model isotherms of catechin microencapsulation into clinosorbent-5
(CLS-5) framework.
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Despite its lower applicability, the Fowler-Guggenheim model is essential for defining
the mechanism of the encapsulation process, as the value of the parameter W is indicative
for the nature of the interactions between the encapsulated molecules. A negative W value is
associated with a decrease in the sorption heat during the encapsulation process, and with the
existence of repulsive forces between the sorbed molecules. A value of W = 0 designates a lack
of intermolecular interactions, while W > 0 denotes the presence of attractive forces between
the organic molecules and increasing of the sorption heat throughout the encapsulation process.
The high positive value of the latter parameter in the present study (W = 8.96) undoubtedly
proves the presence of significant intermolecular attractive forces between catechin molecules.

The degree of surface coverage θ, according to the Flory-Huggins model, calculated as 1
− Ce/Co, varies from 0.67 to 0.35 within the polyphenol concentration range 50–200 µg/cm3.
Besides, the model predicts that the number of catechin molecules occupying sorption sites
is nFH ≈ 0.25, which proposes availability of a significant number of vacant active sites. The
latter serves as an indication of the absence of crowded conditions due to geometric and/or
steric effects.

The effects of indirect sorbate/sorbate interactions during the encapsulation process are
considered by the Temkin isotherm model. It also assumes linear decrease of sorption heat in
the layer of sorbed organic molecules as a result of increased surface coverage [35–40]. The
reasonably high value of the correlation coefficient and the low values of the SSE, MSE, and
RMSE error functions suggest a satisfactory extent of correlation between the experimental
and model data, which in turn presumes uniform distribution of the binding energies of
catechin molecules on/within the solid CLS-5 microparticles, especially in the middle and high
concentration range (Figure 4).

Considering the theoretical bases of the Freundlich model, the studied separation
process could be described either as non-ideal and reversible sorption unrestricted to
monolayer formation on a heterogeneous surface, or as multilayer sorption with non-
uniform distribution of sorption heat and affinities over the heterogeneous surface [31].
Besides, the low value of the parameter nF < 1 is indicative of a chemisorption process.

2.5. Thermodynamics Analyses

A frequent approach applied for the assessment of the compatibility of a drug in a
microcarrier is the computation of the probable thermodynamic interactions. The thermo-
dynamic parameters of catechin encapsulation into clinoptilolite particles were calculated
on the basis of the applied equilibrium models. Generally, values of the Gibbs free energy,
∆Go, up to −20 kJ/mol are consistent with electrostatic interactions between the charged
molecules and the charged sorbent surface (physisorption). Values of ∆Go ≈ −40 kJ/mol
or higher are associated with chemisorption due to sharing or transfer of electrons from the
bioflavonoid molecules to the clinoptilolite surface, leading to the formation of a coordinate
type of bonding (chemisorption). In the present study, ∆Go was calculated on the basis
of the values of the equilibrium parameters determined by each of the proposed models
(Table 1). The values of ∆Go determined by the applied models are negative and higher
than −20 kJ/mol, indicating that the encapsulation of catechin is a spontaneous process.
The spontaneity ensures stability of the sorbed layer, which occurred probably due to
physical sorption, i.e., electrostatic attractions prevail over chemisorption [41].

2.6. In Vitro Release Kinetics

Layered zeolites exhibit adjustable interlayer porosity which can be exploited for
controlled drug delivery, allowing detailed investigation of the drug release because the
structure of the carrier is known [15].

The quantitative estimation of biologically active substances’ release from carrier
systems is significant for the assessment of their applicability and efficiency for biomedical
and pharmaceutical purposes.

The experimental data of catechin in vitro release from CLS-5 microparticles is pre-
sented in Supplementary Materials Table S4. The release experiments were performed for
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a period of 24 h. The extended release period was determined by three major objectives:
(i) to investigate the overall in vitro release profile of the bioflavonoid-carrier system, (ii)
to examine the behaviour and identify any probable deviations in the physicochemical
characteristics of the recipient and the biomolecules in an acidic pH, and (iii) to use the
in vitro release experimental data for future studies on the antiproliferative activity of
the designed catechin-CLS-5 micro-formulations on cancer cell lines with a cell cycle of
approximately 24 h.

A variety of mathematical models have been developed and applied to correlate the
experimental data and to give insights on the release phenomena [42]. In the present study,
the kinetics of catechin in vitro release from catechin-loaded clinoptilolite microparticles
was described by six mathematical models: the zero-order, first-order, Higuchi, Korsmeyer-
Peppas, Weibull, and the sigmoidal function models.

The best-fitted model/s towards the experimental release data was/were evaluated
by the values of the coefficients of determination (R2) and the error functions, as well as by
the comparison between the experimental and model kinetics release curves. The model
parameters and error functions are presented in Table 2.

Table 2. Kinetics models of catechin in vitro release model parameters and error functions values.

Kinetics Release Model Model Parameters Values Error Functions Parameters Designation

Zero-Order k0 = 0.692

R2 = 0.982
SSE = 5.863
MSE = 0.733
RMSE = 0.856

ko—zero-order rate constant

First-Order C0 = 1.652
k = –0.108

R2 = 0.872
SSE = 0.202
MSE = 0.029
RMSE = 0.170

k—first-order rate constant
C0—initial sorbate
concentration, mg/mL

Higuchi kH = 2.889

R2 = 0.978
SSE = 24.211
MSE = 3.459
RMSE = 1.860

kH—Higuchi rate constant

Korsmeyer-Peppas
at Ct/C0 < 0.6
n = 0.83
kKP = 0.047

R2 = 0.987
SSE = 0.006
MSE = 0.001
RMSE = 0.028

n—Korsmeyer-Peppas
exponent
kKP—Korsmeyer-Peppas
exponent

Weibull

at b = 0.2
Cmod = 0.189
a = 0.466
t = 1.639

at b = 1
Cmod = 1.390
a = 0.026
t = 0.174

R2 = 0.981
SSE = 0.010
MSE = 0.002
RMSE = 0.041

R2 = 0.989
SSE = 0.005
MSE = 0.001
RMSE = 0.029

t—a location parameter
denoting the lag time before
the onset of the drug release
procedure
b—a shape parameter:
β > 1—sigmoidal form, β <
1—parabolic graph
a—Weibull model parameter
Cmod—model concentration

Sigmoidal Function Model

ks1 = −9.403 × 10−5

ks2 = 2.199 × 10−2

ns1 = 2.6
ns2 = 1.2

R2 = 0.990
SSE = 0.006
MSE = 0.001
RMSE = 0.032

ks1, ks2—rate constants in the
sigmoidal release model
ns1, ns2—sigmoidal model
exponents

In bold—the best fitting model.

The zero-order model describes drug release from a system that liberates its content
with a constant rate, regardless of the concentration, and the release is only a function of
time. The first-order model refers to a system for which the drug release rate is only a
function of the remaining drug concentration. The Higuchi model implies that the amount
of drug released form the dosage form is a function of the square root of time.



Molecules 2021, 26, 1655 10 of 18

The Higuchi model assumes that the drug release occurs predominantly through
Fickian diffusion and has typically been observed in drug-carrier systems with hydrophobic
nature of the constituents. Higuchi applied Fick’s first law to describe the release of drugs in
a boundary layer, from the surface of a pharmaceutical matrix towards an external solvent,
which acts as a perfect sink under pseudo steady-state conditions. Since the assumptions
of the model are approved only in the first part of the release process, the application of
this law is recommended only for the first 60% of the release kinetics curve, i.e., Ct/C0 = 0.6.

In the Korsmeyer-Peppas equation, the n value indicates the mechanism/s that de-
scribe/s release of an active compound from the carrier matrix [43]. Values of 0.45 ≤ n
propose Fickian diffusion mechanism, 0.45 < n < 0.89—non-Fickian transport, n = 0.89—
case II transport, and n > 0.89—super case II transport. The value of n = 0.83 computed
in the present study indicates a probable alteration of catechin release mechanism from
pseudo-Fickian diffusion to anomalous or non-Fickian release (Figure 5). However, as
diffusion and relaxation effects are inherent for non-Fickian diffusion, greater number of
parameters are necessary to consider the impact of both interacting mechanisms. Thus,
the necessity of a proper multi-parameter mathematical model for the description of such
complex release behaviour is imposed.

Figure 5. Experimental and (A) zero-order, (B) Korsmeyer-Peppas, (C) Weibull (n = 1), (D) sigmoidal function model
in vitro release kinetics curves of catechin.

In this respect, the highest value of R2, the lowest SSE, MSE, and RMSE values (Table 2),
and the mode of the model release curve (Figure 5) illustrate the overall superiority of the
sigmoidal function model. The significantly higher value of the kinetics rate constant ks2 as
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compared to ks1 (Table 2) could be explained from the viewpoint of the existence of attractive
intermolecular catechin–catechin interactions, which probably provoke slowing down of the
release from initially highly loaded clinoptilolite active sites, followed by increased release
rate at later times when the microcarrier sorption sites are no longer highly loaded. The latter
inflicts sigmoidal release behaviour of the studied system. The inflexion point registered at
approximately 35% release outlines an initial stage of low desorption rate and a second region,
which is characteristic of increased release rate. The study and analysis of Loew et al. on the
release kinetics of poorly water-soluble drug molecules from liposomal nanocarriers suggested
that formation of aggregates between organic molecules could evoke sigmoidal behaviour
during in vitro release [28].

The Weibull model is an empirical model which describes both immediate and delayed
drug release from various delivery systems, which includes parameters that are sensitive
to the different concentration ranges of the kinetics release profile. It could be regarded
as a favourable one among the studied models. The parameter b determines the shape of
the release curve and could be associated with physiological effects. Besides, the exponent
b has been recently accepted as an indicator of the drug transport mechanism through
the carrier matrix. Values of b ≤ 0.75 predict Fickian diffusion in fractal or Euclidian
spaces: 0.75 < b < 1 is attributed to a mechanism combining Fick’s diffusion and swelling
controlled transport, while b > 1 is associated with a complex release mechanism. The
experimental data in the present study were best correlated in the case of the boundary
value b = 1 (Table 2, Figure 5). The latter is indicative of exponential release profile and a
complicated release mechanism of catechin molecules encompassing: Fickian diffusion,
swelling controlled mass transfer, and non-Fickian (anomalous) mass transfer. On one
hand, this implies that the Weibull equation is a flexible model with great potential to be
fitted to various release patterns. On the other hand, the exponential parameter b could
be utilised for prediction and/or optimisation of the release conditions of a drug-delivery
system, as well as for the achievement of a desirable release profile in vivo [44].

Consequently, the comparative analyses of the observations, derived from the models
with the highest extent of correlation: the sigmoidal law and the Weibull model, to the
experimental data of catechin in vitro release from the clinoptilolite matrix, lead to mutually
consistent conclusions.

Recent scientific studies on the design, applicability, encapsulation (Figure 6A), and
in vitro release efficiency of innovative bioactive compounds-zeolite carrier systems (Figure 6B),
outlined the competitiveness and reliability of the newly developed bioflavanol-CLS-5 micro-
formulation in the present study. Significant comparability between the values of the cited en-
capsulation and release efficiencies and those obtained in the current investigations is observed.
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Figure 6. Literature review on the (A) encapsulation and (B) in vitro release efficiency of syn-
thetic/natural bioactive substances-zeolite carrier systems [13,15,22,26,27,45–52].

2.7. Catechin–Clinoptilolite Interactions

Figure 7 presents the three-dimensional (3D) molecular structure, molecular dimen-
sions, Connolly molecular area, and acid dissociation constants characteristic of the five
OH-groups of the catechin molecule.

At pH values below the pKa values of catechin, the molecule undergoes protonation,
while at higher pH values, it is in its neutral form. Therefore, possible electrostatic in-
teractions between the A and B rings of the catechin molecules and the O-atoms of the
clinoptilolite framework will be favoured at pH < pKa when the molecule is positively
charged. The protonated drug could also participate in complex formation interactions
with the Na+ cations present in the pore mouths of the alkalised mineral.
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Figure 7. Catechin molecular structure, physicochemical, and molecular characteristics: (A) pKa values: pKa1 ≈ 9.5, pKa2

≈ 8.9, pKa3 ≈ 8.2–8.6, pKa4 ≈ 10.3–11.2, pKa5 ≈ 13.2–14.8 [53,54]. Connolly molecular area = 211.481 Å2. (B) Molecular
dimensions [55,56].

The clinoptilolite matrix is generally composed of two types of parallel channels (a,
b), which are interconnected to a third type (c). The mouth of the channels has nominal
dimensions of: a = 7.5 × 3.1 Å, b = 4.6 × 3.6 Å, and c = 4.7 × 2.8 Å [57]. However, their
real dimensions are probably smaller than those mentioned above, due to the presence of
extra-framework cations.

Therefore, the comparison of the dimensions of catechin molecules with those of the
clinoptilolite channels revealed that the bioflavanol molecules are not spatially restricted
to enter the clinoptilolite channels during the process of encapsulation. Thus, obviously,
the interactions to be evaluated do not only concern the outer surface of the carrier. The
incorporation of the bioflavanol molecules at pH = 4, which is lower than the pKa values,
is probably facilitated by electrostatic attraction forces between the protonated positively
charged organic molecules and the O-atoms within the carrier framework. Moreover,
formation of coordinate bonding between the free electron orbital of the H+, serving as
acceptors, and the unshared electron pair donated by the O-atoms, is also possible. These
considerations based on the molecular characteristics and structural properties of the guest
molecules and the recipient are consistent with the conclusions derived on the basis of the
experimental studies and interpretative modelling.

However, possible obstacles and limitations during catechin encapsulation and release
could arise from the possibility of intramolecular H-bonding between the H and O atoms of
the neighbouring OH-groups in ring B, as well as from intermolecular H-bonding leading
to the formation of catechin molecule aggregates [58].

3. Materials and Methods
3.1. Materials

The spray-dried extracts from Acacia catechu in powdered form originated from North-
ern India. (+)-catechin hydrate (C15H14O6xH2O) (≥98.0%, high-performance liquid chro-
matography (HPLC), powder) (CAS No.: 225937-10-0), epigallocatechin (C15H14O7, CAS
No.: 970-74-1, analytical standard), C2H5OH (≥99.8%, HPLC), CH3COOH, HCl, NaOH
(pure for analysis, HPLC) were supplied by Sigma (Sigma-Aldrich Chemie GmbH, Merck
KGaA, Darmstadt, Germany). The alkalised clinoptilolite was supplied by Prof. Nikolai
Popov, Mineralagro-Z Ltd., Sofia, Bulgaria. The mean particle size, determined by digital
microscopy (Biomed Digital Binocular Microscope 40–1000×, China), was 30 µm.

The mineral product Clinosorbent-5 (CLS-5) was prepared by a methodology devel-
oped in 1992 in the Institute of Cryobiology and Food Technologies (ICFT) by a joint team
of research associates from the ICFT, the Military Medical Academy, and the Institute of
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Applied Mineralogy at the Bulgarian Academy of Sciences. The product is an ecologically
pure natural mineral sorbent (clinoptilolite from the Bulgarian deposits Beli Bair and Beli
Plast in ratio 1:2) with significant sorption and ion exchange potential [59,60].

3.2. Surface Chemistry Characterisation of Alkalised Clinoptilolite

Surface chemistry of clinoptilolite was characterised by SEM and FTIR analyses. The
FTIR spectra of catechin, alkalised clinoptilolite, and bioflavonoid-loaded microparticles
were obtained with the potassium bromide (KBr) disc technique in the range 400–4000 cm−1

using a TENSOR 37 Bruker FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany).
A scanning electron microscope (SEM), Philips SEM 515 (Philips, Amsterdam, Netherlands),
was used to obtain information about the surface topography of CLS-5.

3.3. UV-Vis Spectrophotometry

The concentration of catechin in the Acacia catechu 70% ethanolic extracts was determined
by an adapted UV-Vis spectrophotometric methodology [23] using a DR 5000 UV-Vis Spec-
trophotometer (Hach Lange, D-40549 Düsseldorf, Germany), supplied with 10 mm quartz
cuvette cells. All spectra were recorded in the UV region at λ = 280 nm at pH = 4, with 2 nm
slit width, 900 nm·min−1 scan speed, and very high smoothing.

3.4. Microencapsulation Studies

Microencapsulation experiments were carried out by agitating predetermined amounts
of clinoptilolite with 20 cm3 flavonoid ethanolic solutions, with initial concentrations in the
range 50–200 µg/cm3 at temperature, T, 20 ± 2 ◦C. The extract/microcarrier systems were
agitated on an IKA®KS 130 Basic Shaker at 180 rpm. Equilibrium was established after 24
h. Then, the flavonoid solutions were separated from the solid phase by centrifugation with
Heraeus Labofuge 200 (Thermo Fisher Scientific, Waltham, MA USA) at 5300× g for 30 min and
filtered using 0.45 µm membrane filters (LCW 916, Hach Lange, D-40549 Düsseldorf, Germany)
to ensure the solutions were free from clinoptilolite particles before measuring the residual
catechin concentration. The encapsulation capacity (EC, µg/mg) and efficiency (EE,%) of the
alkalised clinoptilolite towards the studied flavonoid were calculated by Equations (1) [27] and
(2) [32]:

EC =
(C0 − Ce)·V

m
(1)

EE =
amount of released bioflavonoid

total amount of encapsulated bioflavonoid
·100 (2)

where C0 (µg/cm3) is the initial catechin concentration in the liquid phase, C0 (µg/cm3) is
the equilibrium catechin concentration in the liquid phase, m (g) is the mass of clinoptilolite
microparticles (g), and V is the liquid phase volume (cm3).

The effect of contact time and pH on the encapsulation behaviour and efficiency of
the designed flavonoid-mineral carrier systems were investigated.

3.5. In Vitro Release Studies

The in vitro release kinetics experiments were conducted by agitating 0.37 g dried Acacia
catechu extract-loaded clinoptilolite samples with 20 cm3 simulated enzyme-free gastric fluid
solution (pH = 1.2) and temperature 37 ± 0.5 ◦C. The flavonoid/microcarrier systems were
agitated on an IKA_KS 130 Basic Shaker at 180 rpm for 24 h. The concentration of released
catechin in the liquid phase was determined spectrophotometrically at predetermined time
intervals (2, 5, 10, 12, 15, 20, 22, and 24 h) by withdrawing 3.5 cm3 samples. Volume corrections
when processing the experimental data were done by replacement of the drawn volume with
simulated gastric fluid to avoid saturation of the remaining solution.

All experiments were carried out in triplicate, and the average values were taken
to minimise random error. Blanks containing no biomolecules and replicates of each
encapsulation/release point were used for each series of experiments.
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3.6. Mathematical Modeling: Statistical and Error Function Analyses

The experimental encapsulation results were modelled by six equilibrium models: the
two-parameter Langmuir, Freundlich, Flory-Huggins, and Fowler-Guggenheim models,
and the three-parameter multilayer isotherm and Temkin models. The experimental
release data was interpreted by six release mathematical models (zero-order, first-order,
Higuchi, Korsmeyer-Peppas, Weibull, and the sigmoidal function model) through non-
linear regression analyses.

The statistical and error function analyses were accomplished by XLSTAT statistical
software for Excel.

4. Conclusions

The results from the detailed study on catechin-rich Acacia catechu extract encapsula-
tion and in vitro release on/from CLS-5 microparticles approved a satisfactory extent (32%)
of the bioflavanol encapsulation by the clinoptilolite micro-formulations in acidic medium.
The investigations of the in vitro release kinetics in simulated gastric medium established
significant release efficiency of 88%, achieved after 24 h. Besides, the comparative analy-
ses of the bioactive substance in vitro release profile displayed that the newly designed
catechin/CLS-5 microcarrier system provided sustained in vitro release behaviour without
an initial burst effect. The interpretative modelling analyses of the observations, derived
from the applied mathematical models with the highest extent of correlation: the sigmoidal
law and the Weibull model, led to mutually consistent conclusions and provided valuable
evidence for the practical use of these models in drug release phenomena from mineral
micro-formulations. The results from the present study could serve as an essential platform
for the design and development of innovative catechin-CLS-5 microcarrier systems for
application in human and veterinary medicine.

Supplementary Materials: The following are available online. Table S1: FTIR absorption bands
designation of catechin-rich spray-dried extract, clinoptilolite, and catechin-loaded clinoptilolite,
Table S2: Experimental data of catechin encapsulation by CLS-5 at equilibrium conditions, Table S3:
Model assumptions and parameter designations of the encapsulation mathematical models, Table S4:
Experimental kinetics data of catechin in vitro release from catechin-loaded CLS-5 microparticles.
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