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ARTICLE INFO ABSTRACT

Keywords: The aim of this study is to develop hydrogel beads with the addition of cyclodextrins into a sodium alginate
Hydrogels matrix and examine their swelling properties in different pH conditions. To achieve this, Methyl-B-Cyclodextrin
Swelling (M-B-CD) and Hydroxypropyl-p-Cyclodextrin (HP-B-CD) were mixed with sodium alginate solution to form
I:Ig—ir;:ionsweness hydrogel beads. The formation of these beads was achieved at two different dropping distances (15 cm and
Cyclodextrins 25 cm), and their swelling behavior was evaluated in two pH environments: SGF (simulated gastric fluid, pH 1.2)

and SIF (simulated intestinal fluid, pH 6.8). The thermotropic behavior of the prepared alginate-based beads was
analyzed using Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA). Scanning
Electron Microscopy (SEM) was employed to evaluate the impact of the preparation method and the presence of
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different types of cyclodextrins (CDs) on the beads’ morphological characteristics. Results indicated that the
addition of CDs had a substantial impact on the beads’ swelling behavior and morphology, with HP-B-CD beads
demonstrating the highest disintegration rate in SIF, mostly due to greater hydrophilicity and matrix in-
teractions. The beads with CDs that were prepared at higher dropping distance exhibited increased porosity,
enhancing water absorption. This study highlights the impact of CDs’ coexistence on the pH-responsiveness of
alginate-based hydrogels, underscoring their potential as delivery platforms for controlled drug release systems.

1. Introduction

The advancement of biomaterials has prompted research into alter-
native biocompatible materials, with alginate emerging as a focal point
due to its promising properties. Alginate is an abundant natural poly-
saccharide obtained primarily from brown marine algae (class of
Phaeophyceae) and certain bacteria, known for its unique gel-forming
properties. It consists of alternating blocks of p-D-mannuronic acid
and a-L-guluronic acid [1]. Alginate is highly suitable for a wide range of
biomedical and clinical applications. Its non-toxic, biocompatible,
cytocompatible, and biodegradable nature [2] allows it to be used in
tissue engineering, aiming to provide mechanical integrity while
transmitting mechanical signals to the cells [3]. It is also widely used in
wound healing as well as in controlled drug release in the form of
nanoparticles or microspheres, offering control of drug release rate and
also delivery of the drug to a specific treatment target [4]. In recent
years, as a deeper comprehension of the molecular structure and prop-
erties of alginate has been achieved, a variety of physicochemical
cross-linking techniques has resulted in the development of distinct
alginate hydrogel properties for a wide range of applications [5].

Moreover, a hydrogel is a cross-linked polymeric network that ex-
hibits the ability to swell and retain a significant fraction of water within
its structure, but it does not dissolve in water. The ability to swell
emerges from hydrophilic functional groups attached to the polymeric
backbone, while their resistance to dissolution arises from cross-links
between network chains [6,7]. Hydrogels have been used as drug de-
livery systems, in wound dressings, tissue engineering and as temporary
scaffolds for cells, since they offer the ability of controlled release of the
encapsulated bioactive compounds. Additionally, they have several
advantages such as physicochemical stability, biocompatibility and
potential for oral administration [8,9].

The use of composite and functionalized materials using biode-
gradable polymers, ligand-based materials, and nanomaterials is of
paramount importance for several applications, i.e., heavy metal ion
removal, sensing, and environmental water purification. Several physi-
cochemical and morphological techniques were developed for the
evaluation of these functionalized hybrid materials [10-18]. Addition-
ally, sustainable materials are usually hybrid formulations, i.e.,
chitosan-grafted nanocomposites, biodegradable carbohydrate-based
polymeric materials, and organic-inorganic functionalized materials.
Great emphasis is given during the preparation process of them to the
surface interactions and interactions between the different materials
[19-27].

Regarding cyclodextrins (CDs) (cyclomalto-oligo-saccharides), they
comprise a family of biocompatible cage materials which have been
developed during the last thirty years to improve the solubility, stability
and the bioavailability of drugs [28]. CDs are a class of cyclic gluco-
pyranose oligomers, obtained from starch by enzymatic action, that
contain at least six d-(+)-glucopyranose units linked by a—(1, 4)
glycosidic bonds, with a characteristic non-symmetrical toroidal shape
that forms a truncated cone-shaped lipophilic cavity. The main native
CDs are named o, §, and y which comprise six, seven, and eight gluco-
pyranose units, respectively. CDs have the capability to enclose com-
pounds whose size and polarity are compatible with those of their
cavity. This is attributed to their unique structure featuring a hydro-
phobic interior and a hydrophilic exterior. Due to their encapsulation
capacity and their properties as complexing agents and carriers of

different substances, they find wide utilization for fundamental and
technology applications in the medical and pharmaceutical industry.
CDs are promising compounds for solving major bioavailability prob-
lems such as inadequate solubility, poor dissolution rate, and limited
stability of some agents, as well as increasing their effectiveness and
decreasing unwanted side effects [29,30].

Considering all the above, CDs were chosen to be incorporated into
alginate beads in a non-covalent, co-assembly based approach in
contrast to previous reports where CDs were covalently connected to
alginate. Namely, the CDs are expected to alter the physicochemical
properties of the alginate beads due to their amphiphilic nature of
encompassing hydrophobic/hydrophilic parts [31,32]. In parallel, in
drug design and development, CDs are widely used for the improvement
of encapsulation and loading efficiencies, as well as the bioavailability of
APIs, especially those of low solubility. Furthermore, they exhibit
controlled release properties, especially when they are used with other
(bio-)functional excipients (i.e., block polymers, etc.). Last but not least,
they can protect the sensitive APIs from degradation and enzymatic
attack and improve their mucoadhesion properties [31,32]. Overall, it is
interesting to study whether a simple co-assembly process involving
alginate and CDs would meet these properties satisfactorily.

The grafting of p-CD to alginate via chemical synthesis was found to
be effective for increased encapsulation efficiency and prolonged release
of the model molecule methyl orange. The same CD was used for the
increase of the solubility of edaravone, and the inclusion systems were
encapsulated into sodium alginate and chitosan-based nanocomposites
for achieving pH-controlled release [33]. The stoichiometry of the in-
clusion system was found to be important for controlling the release
process [33]. Omtvedt et al. [34,35] designed and developed alginate
hydrogel formulations functionalized with p-CD for the encapsulation
and the local delivery of the anticancer API paclitaxel. The added value
of this formulation was the reduction of the crystallization of the
paclitaxel and its more effective diffusion and release from the hydrogel
network [34,35].

B-CD is characterized by an ideal size of its cavity for the incorpo-
ration of molecular agents, a cost-effective production and the ability to
ameliorate the bioavailability and the toxicological profile of active
pharmaceutical ingredients. Such characteristics are making B-CD a
highly valuable material for biomedical applications. However, its low
aqueous solubility remains a significant challenge [36,37]. To overcome
this limitation, derivatives of -CD have been developed by the substi-
tution of its hydroxy groups. In our experiment, we mixed Methyl-p-CD
(M-B-CD) or/and hydroxypropyl-p-cyclodextrin (HP-B-CD) with sodium
alginate to create beads, allowing us to observe not only their
morphology but also their swelling ability, in comparison to sodium
alginate beads without the addition of CDs.

The rationale for using M-p-CD and HP-$-CD stems from their specific
physicochemical properties that make them more suitable for our
studies, especially their ability to increase solubility, to form more stable
and efficient complexes and induce low cytotoxicity [38].

The aim of this study is to prepare hydrogel beads consisting of so-
dium alginate, with and without CD additives, to examine their forma-
tion at varying dropping distances from a calcium chloride solution (15
and 25 cm) and investigate their swelling behavior in two different
dispersion media: simulated gastric fluid (SGF, pH 1.2) and simulated
intestinal fluid (SIF, pH 6.8). The simulation of the stomach and intes-
tinal conditions is important when studying the swelling behavior of the
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beads, since such environments are linked to their performance,
particularly for drug delivery systems. In acidic gastric conditions, the
beads should prevent early release owing to low pH, whereas in intes-
tinal pH conditions, they should disintegrate and release their contents.
For example, a study on pectin-chitosan hydrogel beads shows that they
do not degrade in the stomach whereas they release their content in the
intestines. This differentiation makes them ideal candidates for targeted
delivery [39].

This study shows how the presence of CDs affects the pH sensitivity
of alginate-based hydrogels, emphasizing their promise for use in
controlled drug delivery systems. This hybrid system exhibits unique
properties coming from the blending of different materials, combining
the advantages of each material, i.e., the pH responsiveness of alginate
and the compartmentalized structure of CDs, with the ability to encap-
sulate both hydrophilic and lipophilic compounds. The innovation of the
present work lies in the fact that for the first time in the literature, an
empirical design parameter (the distance for the preparation of alginate
beads, as visualized Scheme 1) has been investigated, to determine
whether it is Critical Process Parameter (CPP) for the development of
alginate beads with or without the presence of CD. Furthermore, a
comparison study was performed of the morphological, thermotropic,
swelling properties of alginate beads with the presence of different in
nature CDs. In other words, this investigation aims to highlight the
enhanced functional properties of hybrid alginate-based hydrogels using
various physicochemical, morphological, and thermotropic techniques
to advance the design and development of materials for several appli-
cations in drug delivery, targeting, and pharmaceutical technology.

2. Materials and methods
2.1. Materials

Low viscosity alginic acid sodium salt, calcium chloride dihydrate
(CaClye2 H50) and the derivatives of p-CD, M-p-CD and HP-B-CD, were

purchased from Sigma-Aldrich Chemical Co (St. Louis, MO, USA).
Deionized water was used as the solvent. Simulated gastric fluid (SGF,

Sodium Alginate

25cm

Calcium chloride
dihydrate
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pH 1.2) and simulated intestinal fluid (SIF, pH 6.8) were prepared as
described in United States Pharmacopeia (USP) guidelines. No hazard-
ous components existed in the method of the preparation, since all the
materials used are biocompatible (see in the Introduction) and of
analytical grade. The solvent that we used was deionized water, and the
biorelevant media were prepared under the guidelines of USP.

2.2. Methods

2.2.1. Preparation of sodium alginate beads

Sodium alginate (SA) beads were prepared following a protocol
described in the literature, with some modifications [40]. A SA solution
was prepared in ultrapure water at a concentration of 4 % w/v, with
magnetic stirring under heating to achieve alginate’s faster and com-
plete dissolution for 10-15 minutes. A solution of CaCl.e2H-0 was then
prepared at a concentration of 0.1 M. While the literature’s protocol
used a dropping distance of 6 cm, here in our protocol we used two
different dropping distances, 15 cm and 25 cm (Scheme 1). This was
done with the aim of investigating the effect of the dropping distance on
the shape, size, and morphology of the beads [40]. The SA solution was
placed in a syringe on a support stand positioned firstly 25 cm above the
surface of the CaCl.e2H-O solution (experiment A) and afterwards
15 cm above the surface (experiment B), and the drop flow of the so-
lution from the syringe was initiated, leading to bead formation. The
duration required for the consumption of the SA solution was 1 minute
and 30 seconds in experiment A and 1 minute and 40 seconds in
experiment B. The beads were then rinsed with deionized water and
placed on a petri dish, after previously being separated from each other.
The petri dishes (A) and (B) were finally placed in a drying oven at 33°C.
The beads after the crosslinking process/formation are visualized in
Fig. 1.

2.2.2. Preparation of sodium alginate beads with cyclodextrins
First, a M-p-CD solution in water was prepared with a concentration

of 10 mg/ml, followed by magnetic stirring under heating for 5 minutes.
Similarly, an aqueous solution of HP-B-CD was prepared at the same

Sodium Alginate

15¢cm

Calcium chloride
dihydrate

Experiment B

Scheme 1. The preparation protocols.
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S
F-Methyl-B-CD

Fig. 1. Images captured after beads’ formation, released from a syringe at two different dropping heights (15 cm and 25 cm). Beads consist of SA, M-p-CD or
HP-B-CD.
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concentration, with magnetic stirring under heating for 5 minutes. Af-
terwards, a 4 % w/v SA solution in water was prepared, with magnetic
stirring under heating for approximately 15 minutes to ensure complete
dissolution. Once the SA solution was ready, 10 ml of the solution were
transferred into a beaker. This process was repeated three more times
leading to four separate beakers of 10 ml each. To two of the beakers,
1 ml of the M-B-CD solution was added, while 1 ml of the HP-3-CD so-
lution was added to the other two beakers. Subsequently, one of the
solutions containing M-f-CD was placed in a syringe on a support stand
above the surface of the CaClye2 H50 solution, at a distance of 25 cm.
The drop flow of the solution from the syringe was initiated, and the
bead formation was observed. The time required for the complete con-
sumption of the solution was recorded as 58 seconds. After the forma-
tion of beads, they were rinsed with deionized water and carefully
separated before being placed on a petri dish. The same procedure was
repeated with a solution containing SA and 1 ml of HP-$-CD. This so-
lution was also placed in the syringe and allowed to drop into the cal-
cium chloride solution. The time needed for the solution to be fully
consumed in this case was recorded as 1 minute. All the steps which had
taken place in 25 cm were repeated, but this time by adjusting the dis-
tance between the tip of the syringe and the surface of the calcium
chloride solution to 15 cm. For the SA solution containing M-$-CD, the
solution’s consumption took 1 minute and 4 seconds, while for the SA
solution containing HP-B-CD, it took 1 minute and 15 seconds. Finally,
all four petri dishes containing the beads were placed in a drying oven at
33°C. Table 1 presents the composition of all prepared formulations. Six
different formulations were developed using two dropping distances:
15 cm and 25 cm. Formulations A, C, and F correspond to SA, SA:HP-
B-CD, and SA:M-B-CD, respectively. The formulations prepared with a
25 cm dropping distance are referred to as B, D, and F.

2.2.3. Swelling studies

Swelling studies of all prepared formulations were conducted under
two different pH conditions: 1.2 and 6.8. The beads used in this exper-
iment, the ones produced previously, are categorized as follows: A:So-
dium Alginate (25 cm), B:Sodium Alginate (15 cm), C:HP-3-CD (15 cm),
D: HP-B-CD (25cm), E: M-p-CD (15cm), and F: M-B-CD (25 cm)
(Table 1). At the beginning of the experiment, the weight of five beads
from each petri dish was measured. A solution with a pH value equal to
1.2 was added to six separate beakers and half of the beads from each
petri dish were then placed into each beaker. At 15-minute intervals,
five beads were removed from each beaker, weighed, and then returned
to their corresponding beakers. This process was repeated every
15 minutes for a total duration of one hour. The one-hour duration of the
experiment was sufficient as the beads tend to swell less and dissolve
slowly in acidic pH. This behavior can be attributed to the protonation of
alginate’s carboxyl groups at low pH values, reducing their interaction

Table 1

Composition of all prepared formulations, dropping distance between the sy-
ringe tip and the surface of the CaCl2e2H,0 solution, total dispensing time for
the preparation of each formulation, beads size after preparation and drying.

Formulation Dropping Total Size of the beads Size of
distance dispensing after the dried
(cm) time preparation beads
(seconds) process (SEM
images)
A SA 25 90 A~ 3.2 mm 750pm
B SA 15 120 ~ 3.5 mm 900pm
C  SA:HP- 15 75 ~ 3.6 mm 800pm
B-CD
D SAHP- 25 60 ~ 4.0 mm 1100pm
p-CD (agglomerates)
E SA:M- 15 64 ~ 3.4 mm 1000pm
p-CD
Z SA:M- 25 58 ~ 3.8 mm 1150pm
p-CD (agglomerates)
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with water molecules and conclusively the system required less time for
measurable changes to occur (minimal swelling and release) [41].

After 60 minutes, the solutions were discarded from each beaker,
while keeping the beads inside them. A new solution with a pH value
adjusted to 6.8 was added to each beaker and the previously described
procedure was repeated. Beads were removed, weighed, and returned to
their corresponding beakers every 15 minutes. However, this phase of
the experiment lasted 1 hour and 35 minutes, as the expected greater
swelling and faster dissolution at pH 6.8 required more time to complete
this process [41].

The dynamic weight change of the beads over time was calculated
according to Eq. (1) and is called swelling ratio Qs:

W.—Ww
————x 100 1
W= ¢9)

i

Qs(%weight change) =

where W, is the weight of the beads in the swollen state and W; is the
initial weight of the beads [42].

2.2.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed utilizing a Mettler
Toledo TGA/DSC 1 HT apparatus (Mettler Toledo GmbH, Greifensee,
Switzerland). Measurements were conducted under air atmosphere in
the range 30-900 °C and a heating rate equal to 10 °C/min.

2.2.5. Differential scanning calorimetry (DSC)

Thermal characterization of the specimens was conducted by means
of DSC measurements, via a TA Q200 (New 200 Castle, DE, USA). The
DSC device was operated in the temperature range of 30-300 °C at a 10
°Cmin~! ramp in endothermic mode. DSC experiments were conducted
under a steady flow of nitrogen. Each sample was analyzed by placing
1.5-3.0 mg samples sealed in aluminum pans. An empty aluminum pan
was used as a reference during the analyses. The data obtained from the
DSC measurements (enthalpy changes AH, characteristic transition and
Peak Temperature) were analyzed using TA Universal Analysis software.

2.2.6. Scanning electron microscopy (SEM)

Samples were fixed on stubs with carbon tape and coated with gold
for 30 sec in a Leica EM ACE200 Coating System (Leica Microsystems
CMS GmbH, DE). Subsequently samples were viewed and photographed
in a Hitachi SU3800 Scanning Electron Microscope at various magnifi-
cations at 15 kV. (Hitachi, High Tech Corporation, JP).

3. Results and discussion

The physicochemical evaluation and characterization of functional-
ized and composite materials are useful for the identification of their
morphology, surface, and microstructural features using imaging tech-
niques, i.e., SEM. Additionally, thermal stability and the durability of
the hybrid materials in real, moisture content and/or accelerating aging
conditions should be analyzed in order to evaluate the degradation
process utilizing the TGA technique [43-46].

3.1. Thermal behavior of mixed sodium alginate beads

Firstly, we used TGA in order to study the thermal stability of the
alginate beads with or without the presence of CDs, as well as with the
different preparation protocols. For all the samples, the initial water loss
is observed below 200°C (Fig. 2). It seems that the preparation protocol
and/or the presence of CDs do not play a significant role in the evapo-
ration of the water molecules from the alginate beads. According to the
literature, weight loss during this step can be associated with the
oxidation process of sugars (guluronic and mannuronic) in alginate
biopolymer chains, which relates to the small exothermic peaks in the
DSC curves [47]. The main decomposition step is observed between 250
and 400°C. For this decomposition step, it seems that the distance of
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Fig. 2. Al. TGA, A2. TGA derivatives and B. DSC curves of all the prepared alginate beads with or without the presence of CDs.

15 cm is crucial for weight loss since both CDs have identical thermal
stability behavior. In other words, the preparation at 15 cm dropping
distance is responsible for lower weight loss in the case of samples C and
E. All the other samples exhibited similar behavior. The last observation
means that the breaking down of glycosidic bonds between the gulur-
onic and mannuronic acids of alginate biopolymer was not affected by
the presence of CDs. Above 700°C, each sample exhibited different
behavior regarding the amount of weight loss. We should point out that
the pure alginate beads showed a lower weight loss in comparison to the
mixed alginate: CD beads (Fig. 2). The highest weight loss was observed
for sample D. To conclude, the presence of the CDs derivatives can

ameliorate the thermal stability of the alginate beads when the mixed
beads are prepared at lower dropping distances.

We also used DSC in order to investigate the thermal behavior of
sodium alginate beads in the presence of CDs (Fig. 3). The role of the
distance between the alginate dispersion and the calcium solution for
the cross-linking process is also examined. According to the literature,
the pure alginate biopolymer exhibits a broad endothermic peak that
begins around 145°C, while the sodium alginate exhibits an endo-
thermic transition peak at 190°C and the gelation of the alginate with
calcium cations is ten degrees lower in comparison to sodium alginate
[48-50]. The same broad transition peak around 180°C was observed for
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SU3800 15.0kV x60 SE

500pum  SU3800 15.0kV x100 SE
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Fig. 3. SEM images of A-alginate 25 cm, B- alginate 15 cm, C- alginate:HP-B-CD 15 cm, D- alginate:HP-B-CD 25 cm, E- alginate:M-p-CD 15 cm and F- alginate:M-p-CD

15 cm (scale bar at 500pm).

sample A, which is sodium alginate crosslinked beads prepared at 25 cm.
It seems that the preparation protocol affects the transition peak for
samples A and B to some extent. On the other hand, the enthalpy of
transition increases, meaning that more energy is required for sample B,
which was crosslinked with shorter dropping distances in comparison to
sample A (Fig. 3). In our opinion, the endothermic peaks are quite
different due to the different percentage loss of water associated with the
hydrophilic groups of sodium alginate [48-50]. It should be noted that
the DSC study of the pure CDs was evaluated in our previous publication
[51]. The HP-B-CD exhibits an endothermic sharp peak at 147°C, while
the M-B-CD has a broad endothermic peak at 180°C. The difference in

the surface of these CDs is strongly associated with the different water
loss structure at the hydrophilic outer surfaces. The presence of CDs
leads to a higher transition temperature for all the samples. For the
HP-B-CD, the increase of the peak temperature is higher for both prep-
aration protocols in comparison to M-B-CD. Generally, the addition of
other excipients of active substances causes an increase in the temper-
ature of the transition peak of sodium alginate. The preparation protocol
also affects the AH values (Table 2).

For the shorter distance, the AH values are increased for both the
mixed sodium alginate beads. This behavior of the mixed systems is the
opposite in comparison to the pure sodium alginate beads (Table 2,
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Table 2
Calorimetric heating profiles of the prepared alginate beads with or without the
presence of CDs.

Specimen Enthalpy Change AH (J/g) Peak temperature (°C)
A-alginate 25 cm 183.8 179.8
B-alginate 15 cm 245.9 177.4
C-alginate:HP-B-CD 15 cm 282.8 183.5
D-alginate:HP-B-CD 25 cm 122.7 185.9
E-alginate:M-p-CD 15 cm 130.5 185.7
F-alginate:M-B-CD 15 cm 120.7 184.2

Fig. 2B). The presence of the CDs alters the hydrogen bonds and the van
der Waals interactions between these materials. The van der Waals in-
teractions due to the hydrophobic cavities and the hydrogen bonds due
to the hydrophilic outer surfaces of CDs are changed during the cross-
linking process, in which the distance from the calcium cations plays a
key role. Overall, thermal analysis techniques are used to confirm how
the mixture or blending process during the preparation protocol can
alter the thermotropic behavior of biopolymers—in our case, the algi-
nate—in the presence of other materials—in our case, the CDs. The
thermal transition and its changes confirm the physicochemical in-
teractions between the different materials in nature [52-56].

3.2. Morphological characterization of the beads

To investigate the factors affecting beads’ morphology, SA beads
were prepared by dropping a SA solution into a CaCl.e2H-0 one from
two heights (15 cm and 25 c¢m), with or without the addition of M-p-CD
and HP-B-CD. The effect of dropping distance on beads’ shape, size, and
light permeability was assessed, alongside the impact of CD incorpora-
tion on beads’ uniformity and transparency.

When it comes to examining the morphological characteristics of the
beads, it is evident that the beads containing pure alginate, have round,
completely spherical and homogeneous shape and that they enable light
scattering (Fig. 3). These observations align with alginate’s inherent
ability to form beads through ionotropic gelation in the presence of
calcium ions, combined with the controlled experimental conditions
that promote the formation of uniformly shaped beads.

The morphological characterization of M-p-CD and HP-B-CD beads
shows clear differences in size, uniformity, shape, and light perme-
ability, as depicted in Fig. 1. On the one hand, the HP-$-CD beads retain
their relative size uniformity for both 15 cm and 25 cm addition pro-
tocols; on the other hand, M-B-CD ones experience such uniformity for
the 15 cm samples but show size variation for the 25 cm case, where
they also form agglomerates. In terms of shape, both the beads of M-
-CD and those of HP-B-CD are mainly spherical for the 15 cm case, with
some teardrop formations, while for 25 cm, these beads become mainly
irregular and take angular shapes. The irregular sizes of the beads at
higher dropping distances between the two solutions can be due to the
increased velocity which causes the droplets to hit the CaCl2¢2H20
solution with more force leading to less uniform or slightly deformed
beads. Light permeability varies as well, with M-p-CD beads indicating
higher light scattering for 25 cm, something that can also be observed,
though to a lesser extent, for the 15 cm case. In contrast, HP-p-CD beads
at both dropping lengths exhibit increased light permeability. These
morphological features bring out the diversity in structure between M-
B-CD and HP-B-CD beads, which might be due to intrinsic material
properties or environmental interactions. More specifically, the higher
hydrophilicity of HP--CD and the occurrence of better intermolecular
interactions with the alginate polymer chains through hydrogen
bonding, due to the presence of hydroxypropyl groups, promotes better
dispersion of HP-B-CD within the alginate matrix, forming a more
cohesive and transparent bead structure that allows light to pass. On the
other hand, the M-p-CD beads, which are notably less hydrophilic, may
form small clusters within the bead matrix, leading to structural irreg-
ularities and thereby increasing light scattering.
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The morphological characterization of the dried samples at the
microscale was conducted by SEM. Fig. 3 and Fig. 4 show the surface
morphology of the beads in different scales, at 500 pm and 20 pm,
respectively. All the alginate beads with and without CDs are spherical.
The preparation protocol for the formation of the beads affects the
microstructure of the crosslinked alginate beads, as is shown in both
scalebars (Figs. 3A, 3B, 4A, and 4B). The size of the dried beads formed
at 15 cm dropping distance is smaller in comparison to those formed at
25 cm (Fig. 3A and B). The lower distance caused more compact surface
morphology with a higher number of “valleys” and “rivers,” as it is
shown in Fig. 4B. Generally, the presence of other materials with -OH
groups (i.e., glycerol) results in the presence of “craters” on the surface
of the dried alginate beads [57]. The presence of the CDs alters the
morphology and the size of the prepared dried beads. This observation is
in line with the visual observation before the drying process, which is
described above. The size of the samples with the M-p-CD is higher in
comparison to pure and HP-B-CD (Fig. 3C, D, E, and Z). Namely,
HP-B-CD is responsible for the cracks in the surface structure during the
preparation of the beads at the distance of 15 cm. These cracks are not
visible at the distance of 25 cm. The higher amount of water molecule
absorption due to the higher hydrophilicity of the HP-p-CD is probably
responsible for the formation of these cracks. These cracks are formed
during the evaporation of water during the drying process. Furthermore,
the “brain-like structure” is observed for the mixed alginate beads with
M-B-CD. It seems that the different distances during the crosslinking
process did not affect the morphological characteristics of the SA:
M-B-CD beads. Probably, the more hydrophobic nature of M-B-CD is
responsible for the limited absorption of water molecules and a more
homogenous drying process, causing a smooth surface microstructure.
To the best of the authors’ knowledge, this is the first time SEM images
are obtained for mixed alginate beads containing CDs.

3.3. Swelling studies

In SGF (pH 1.2), all dried beads exhibited slight swelling within the
first hour, gaining weight due to the hydration of hydrophilic carbox-
ylate groups. As shown in Fig. 5, at the same time point, formulation D
(SA:HP--CD, dropping distance of 25 cm), showed the most increased
swelling with a weight increase of approximately 300 %, whereas the SA
beads, A and B, displayed the least swelling.

At higher pH values, the carboxyl groups of alginate become
deprotonated, enhancing their ability to interact with water, leading to
greater swelling and faster dissolution. In SIF (pH 6.8), beads containing
-CDs are expected to exhibit the highest swelling and disintegrate faster
than the alginate beads (A and B) due to the presence of hydroxyl (-OH)
groups in their structure, which contribute to their polarity and disso-
lution. In contrast, as supported by the literature [42], alginate-based
beads are expected to swell less and disintegrate later than those con-
taining p-CDs.

According to the diagram, SA beads without CDs exhibit small
weight change throughout the duration of the experiment. This can be
attributed to the structural and chemical properties of alginate. Specif-
ically, its alternating blocks of p-D-mannuronic acid and o-L-guluronic
acid form ionic bonds with calcium ions, creating a stable ionic network
that can retain water while limiting the swelling capacity.

It is observed that both M-B-CD and HP-B-CD at the distance of 25 cm
demonstrated a significant weight change. This phenomenon could be
explained by several combined factors related to the beads’ structure
and formation dynamics [58]. When the solution is dropped from a
greater height (25 cm), it hits the calcium chloride solution with more
kinetic energy. This impact can cause rapid gelation, leading to a less
compact cross-linked structure and greater porosity within the bead
matrix. As a result, a looser network structure provides more space
within the matrix, allowing more water to penetrate and increasing the
beads’ swelling capacity. Moreover, it cannot be overlooked that the
higher drop height causes beads to form irregular and less spherical
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Fig. 4. SEM images of A-alginate 25 cm, B- alginate 15 c¢m, C- alginate:HP-p-CD 15 cm, D- alginate:HP-B-CD 25 cm, E- alginate:M--CD 15 cm and F- alginate:M-$-CD

15 cm (scale bar at 20pm).

shapes. These irregularities increase the surface area, which enhances
water absorption, leading to a greater swelling ratio, especially in a
suitable pH environment, such as the pH of 6.8. Finally, it is important to
note the influence of CDs on network looseness. As explained before,
both M-B-CD and HP-B-CD, affect the cross-linking density of the algi-
nate matrix differently than alginate alone and those interactions create
additional space or weak points within the matrix, making the structure
more susceptible to swelling. At 25 cm drop, where the beads are
already less tightly packed, the presence of CDs enhances this effect,
allowing water to interact more with the matrix.

Another inference derived from the analysis and the delineation of
beads’ swelling behavior is that all the beads containing CDs, after
reaching their maximum swelling ability, start to disintegrate, while the
beads containing alginate do not show any signs of disintegration at the
duration of our experiment. This fact is entirely reasonable and aligns
with the above conclusions regarding the beneficial capacity of CDs in
the dissolution of beads and the improvement of their swelling. It ap-
pears, HP-B-CD at 25 cm are the only beads that completely disintegrate
at the end of the experiment, due to the combination of higher hydro-
philicity of hydroxypropyl groups and the higher dropping distance.




V. Karali et al.

2900 —o— Alginates 25cm —o— Alginates 15cm
HP-B-CD 15cm —e—HP-B-CD 25 cm
2400 ~0— Methyl-B-CD 15cm Methyl-B-CD 25cm
pH=1.2 |l| pH=6.8
» 1900 |
] I
c
©
5 I
£ 1400 |
oo
]
H |
> 900 l
400 I /
= ii ——o~ /
-100 0 15 30 45 60 75 90 105 120 135 150 165 180

Time (min)

Fig. 5. Swelling profiles of SA beads (red: 15 cm dropping height, blue: 25 cm),
SA:M-B-CD beads (light blue: 15 cm, orange: 25 cm), and SA:HP-B-CD beads
(green: 15 cm, purple: 25 cm) over time in SGF (up to 60 min) and SIF (up
to 135 min).

These mixed beads disintegrate faster in comparison to all other
formulations.

Taking into account both the irregular shape of the HP-$-CD:alginate
beads, as evidenced by the cracks on the surface of the dried formulation
observed in the SEM images, and the presence of a larger network of
hydrogen bonds (as discerned from the DSC curves), the fast disinte-
gration of this system becomes more comprehensible. These cracks in
the surface suggest a less cohesive and more fragile structure, which
could facilitate a faster breakdown during the swelling studies in
pH= 6.8. This combination of structural weaknesses and extensive
hydrogen bonding explains to our opinion why the system dissolves
much more rapidly compared to the other pure and mixed alginate
beads, where the network may be more stable, or the surface integrity is
more intact. Finally, the approach of this study is evidently sustainable,
as it promotes efficiency and aligns principles of green engineering and
sustainability [59].

4. Conclusions

This study examined the preparation and characterization of sodium
alginate beads, with and without CD additives, and examining their
swelling behavior under simulated gastric and intestinal conditions. The
results demonstrated that the addition of p-CD derivatives (M-p-CD and
HP-B-CD) significantly enhanced the swelling and disintegration prop-
erties of the alginate beads, in comparison to those without CDs. Ac-
cording to morphological evaluation, beads formed at greater distance
(25 cm) exhibited uneven shapes, which were associated with a higher
swelling capacity, likely due to a more porous structure that allows
water penetration.

In simulated gastric fluid (SGF) where pH was equal to 1.2, the
alginate beads displayed minimal swelling, confirming the alginate’s
predicted stability in acidic conditions. On the contrary, CD-containing
beads demonstrated significant swelling and rapid disintegration in
simulated intestinal fluid (SIF) where pH was 6.8, indicating their po-
tential use for targeted drug delivery applications. Noticeably, because
of its hydrophilic properties and the dynamic interactions within the
alginate matrix, HP-B-CD exhibited the highest disintegration rate.

In conclusion, after considering the findings, it may be inferred that
CDs have a promising contribution to enhancing the performance of
alginate-based hydrogels for biomedical applications, especially in
controlled drug release systems. Future research should further inves-
tigate the mechanisms behind the interactions between alginates and
CDs, potentially leading to optimized formulations for more effective
and targeted therapies.
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