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Abstract

Microencapsulation has become an indispensable technique across various industries that
require the controlled release and stability of bioactive agents. In this study, the encapsu-
lation of cinnamon essential oil (CEO), known for its antibacterial and anti-inflammatory
properties, was study to enable controlled release when applied to textile substrates. This
procedure involves defining and examining several steps to establish a stable, scalable
complex coacervation methodology. To form a stable microcapsule matrix, CEO was
emulsified using a combination of surfactants (Span 80, Tween 20, and Sodium Dodecyl
Sulfate). After forming micelles containing CEO, two biopolymers (chitosan and gum Ar-
abic) were used at various proportions to form a microcapsule shell via a layer-by-layer
approach. Advanced characterization techniques, such as spectrophotometry and laser
scattering, were used to evaluate microcapsule stability, size, and release kinetics, as well
as to assess potential antibacterial activity. The presence of oil-containing microcapsules
was confirmed using fourier transform infrared (FTIR) spectroscopy and thermogravi-
metric analysis (TGA). The results demonstrate that Span 80 concentrations of 0.4 and 0.7
g/L provided the most stable encapsulation environment and enabled a controlled CEO
release profile after being applied to cotton substrates. In addition, the influence of the
fabric’s chemical characteristics was clearly illustrated in the drug delivery experiments.
However, antibacterial efficacy was limited due to the low CEO concentration within the
microcapsules, indicating the need for further optimization. These findings provide valu-
able insights into the broader application of essential oil encapsulation, particularly
within the pharmaceutical, textile, and cosmetic sectors.

Keywords: microencapsulation; cinnamon essential oil; drug delivery; textile application;
chitosan; gum Arabic; surfactants

1. Introduction

In recent years, the microencapsulation method, which consists of enclosing bioac-
tive substances (core) in a polymeric coat (shell) for protection against external influences
such as light, oxygen, and temperature, has become increasingly important in sectors that
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require the controlled release and stability of active ingredients [1]. Microencapsulation is
used across multiple industries, in applications such as pharmaceuticals, food technology,
agriculture, cosmetics, and textiles [2,3]. In the textile sector, there is a growing consumer
demand for “green” and sustainable functional products that ensure health and environ-
mental safety [4,5]. This shift has driven the development of smart and functional textiles
using natural alternatives like lemon, cinnamon, thyme, lavender, and clove oils to impart
aromatic, cosmetic, and medical properties [5]. Common microencapsulation techniques
used for these applications include coacervation, spray-drying, and in situ polymerization
[4,6]. The ability to control the release rate and protect active substances during storage
and use has expanded the possibilities for microencapsulated products [3].

Essential oils, such as cinnamon essential oil (CEO), have demonstrated their useful-
ness due to their diverse bioactive characteristics, which include antibacterial, anti-fungal,
and anti-inflammatory properties [7-10]. CEO notably contains cinnamaldehyde and eu-
genol, which possess considerable therapeutic promise but are highly volatile and prone
to environmental degradation [11]. Encapsulating CEO can improve the stability and re-
tention of its more volatile compounds and offers a means for regulated release, thereby
optimizing its usefulness for diverse applications [12,13].

Microencapsulation procedures are usually performed using direct contact between
CEO and polymers through the formation or modification of intricate interfaces. Yang Y.
et al. [14], for example, developed microcapsules using starch nanoparticles as carriers
and encapsulated them via complex coacervation with chitosan (CS) and gum Arabic
(GA) for food preservation applications. However, this direct contact method results in
microcapsules with a nonuniform size distribution and cannot ensure the inclusion of all
components in the oil.

In this study, two clear steps were followed to develop microcapsules using the pre-
viously mentioned polymers [14]. We use two stages during this procedure due to CEO’s
high complexity: many different components with varied chemical characteristics must
be stabilized together within the microcapsule core. One of the new proposals in this work
is the investigation of micelle formation using various surfactants. The global hydropho-
bic-lipophilic balance of CEO can be used to choose specific surfactants capable of closing
all components of the oil inside their micelles. These micelles constitute the basic size of
the final microcapsule, as this microcapsule is formed when the biopolymers of the shell
wrap the micelles during this complex coacervation method.

This method first requires a parametrization of the micelles formed during this pro-
cess. A greater affinity between the surfactant and CEO will result in smaller micelles,
whereas a larger size of the micelles indicates poor affinity. In addition, every micelle
formed will modify the interface between the chemical groups of the surfactant and water,
eliciting the formation of an electrical field called the zeta potential, which can be used as
an index of stability for the colloidal structure that is formed.

After characterizing the colloidal system, biopolymers are added. CS, which acts as
a cationic species, increases the antibacterial properties of the microcapsule, interacting
with the previously formed micelles.

Once the first layer of CS has been added, it is necessary to select a new colloidal
system that meets the required size and zeta potential, after which the second biopolymer,
gum Arabic, can be added at different mass ratios. GA acts as the external shell that can
or cannot be cross-linked using multifunctional carboxylic agents via a catalyzed reaction
[15].

GA, a polysaccharide obtained from the Acacia tree, possesses remarkable film-form-
ing properties and is often used in encapsulation techniques due to its biodegradability
and excellent solubility.
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In the present work, three surfactants were assessed to determine their compatibility
and stability during the emulsifying procedure. These surfactants, Span 80 (580) (Sorbitan
monooleate), Tween 20 (T20) (Polysorbate 20), and Sodium Dodecyl Sulfate (SDS), con-
tributed distinct characteristics to the formulation. S80, a nonionic surfactant, is exten-
sively used to stabilize water-in-oil emulsions and is compatible with some of the hydro-
phobic substances present in CEO. T20, an additional nonionic surfactant, improves oil
distribution in water-based systems and is effective for lowering interfacial tension,
thereby enhancing the stability of CEO emulsions. Conversely, SDS is an anionic surfac-
tant known for its potent emulsifying properties and is frequently used in pharmaceutical
and cosmetic formulations for its ability to improve dispersions [16].

The presence of cinnamon oil encapsulated within the microcapsule core was con-
firmed using fourier transform infrared (FTIR) spectroscopy and thermogravimetric anal-
ysis (TGA). For both techniques, the assessment was positive, and the results showed sim-
ilarities to previous studies [17,18].

When an active ingredient is encapsulated and functionalized within a textile sub-
strate, its release behavior can be studied and quantified. Drug delivery systems are com-
monly employed to extend the therapeutic effect of a single dose while minimizing con-
centrations that exceed therapeutic needs [17]. In pharmaceutical or cosmetic applications,
predicting the release profile of active agents is essential for ensuring efficacy and safety.

In this study, a series of experiments were conducted to derive a mathematical model
governing drug release. The goal of controlled release is to deliver an appropriate amount
of an active agent at the right time and location [18]. To assess the retention capacity re-
sulting from microencapsulation, it is necessary to analyze drug delivery dynamics. When
applying microcapsules to textile substrates, the reservoir effect of the textile substrate
should be taken into account [18]. This effect involves a physicochemical retention of the
active ingredient by the textile fibers, which directly assists in controlling and sustaining
its release. Depending on the chemical characteristics of the active agent and the specific
structure and surface chemistry of the textile substrate, the fibers of the textile can interact
with the core material, acting as a temporary storage medium that modulates the subse-
quent delivery kinetics of the material [19]. In the context of this work, this phenomenon
is driven by the interaction between the diffusing CEO components and the specific textile
matrices, where the highly hydrophilic nature of cotton (COT) fabric plays a critical role
in trapping the released active agent.

The microcapsules obtained using this approach showed differences during essential
oil emulsification and during the addition of the two biopolymers, CS and AG, and their
end behavior and transport models were quantified through mathematical modeling. The
Korsmeyer—Peppas model was used to identify the main mechanisms of the system
formed by the microcapsules and the textile substrate, including the reservoir effect of the
fabric’s chemical characteristics. Meanwhile, the Higuchi model and its mathematical
analogies approach allowed us to consider the short times of Fick’s second law and esti-
mate the apparent global diffusion coefficient.

The main objective of our study was to develop stable CEO microcapsules using a
complex coacervation method modified by incorporating CEO into surfactant micelles.
Unlike previous general applications, this work systematically investigated how the spe-
cific ratios between the essential oil, the surfactant, and the polymers influence microcap-
sule formation and stability. Furthermore, a release mechanism for these formulations
was established. In addition, this research investigated the integration of CEO-loaded mi-
crocapsules into cotton and polyester textile fabrics to evaluate their potential for long-
term applications in functional and antibacterial textiles. The release behavior of the en-
capsulated oil was experimentally determined, together with an assessment of its antibac-
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terial activity. Cotton fibers were selected for their hydrophilic nature and widespread use
in materials that are in direct contact with the skin.

2. Materials and Methods
2.1. Materials

Cinnamon essential oil (CEO) was provided by Aromatika (Baarn, The Netherlands);
the surfactants Tween 20 (T20), Span 80 (S80), and SDS were supplied by Sigma-Aldrich
(St. Louis, MO, USA); chitosan polymer (CS) 200-600 mPa.s was from TCI (Haven, Bel-
gium); and gum Arabic (GA) was kindly supplied by the Carinsa Group (Sant Quirze del
Vallés, Spain).

Cotton 100% (COT) (plain weave, 227 g/m?, yarn density of 19 threads/cm (warp) and
10 threads/cm (weft); industrially scoured and bleached to ensure a hydrophilic surface
free of natural waxes) and polyester 100% (PES) (plain weave, 110 g/m2, yarn density of
21 ends/cm (warp) and 19 picks/cm (weft)) were used for the drug delivery study, both
supplied by Surfactant and Detergency Laboratory at INTEXTER-UPC (Terrassa, Spain).
For antibacterial tests, two specimens from Essays Laboratory (Barcelona, Spain) were
used: Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive).

2.2. Microcapsule Preparation

The encapsulation process started with the formation of an oil-in-water emulsion.
CEO was dispersed in surfactant solutions (1% w/w) at different mass ratios (1 g/L-0.01
g/L) to identify optimal conditions for stable microcapsule formation. Using 1% solutions
(w/w) of 580, T20, and SDS, a specific volume corresponding to the desired mass ratios
(1:1, 1:0.5, 1:1.5, Woil/Wsurf) was added to 50 mL of a 1.5% CEO solution with deionized
water under magnetic stirring (300 rpm) at pH 7 for 15 min. The mixture was processed
in a temperature-controlled bath (30 °C) under constant stirring (300 rpm) to ensure uni-
formity. These samples, freshly prepared, were used to analyze particle size and zeta po-
tential.

After obtaining a stable emulsion, the initial encapsulation layer was created by add-
ing CS solution (1% w/w) at different mass ratios (1:1:0.5, 1:1:1, 1:1:1.5, 1:0.5:0.5, 1:0.5:1,
1:0.5:1.5, 1:1.5:1.5, 1:1.5:1, and 1:1.5:0.5; Woil/Wsurf/WCS) versus the CEO. Due to their
positive character, CS chains were absorbed electrostatically at the interface of the micelles
and interacted with the emulsion at a colloidal scale, establishing a unified layer sur-
rounding the CEO-surfactant droplets. This foundational layer offers crucial support to
the microcapsules, reducing CEO diffusion and improving the retention of all chemical
components of the oil in the core.

After the CS layer was established, the best simple coacervation samples were cho-
sen, and the second coacervate layer, i.e., the GA solution (1% w/w), was added following
a similar method. This solution was incorporated at different mass ratios (1:1:1:AG,
1:1:0.5:AG, 1:1:1.5:AG; WCEOL:Wsurf:WCS:WAG) dropwise into the former solutions un-
der the same magnetic stirring conditions and was kept at 30 °C, resulting in a bilayered
encapsulation system. This two-layer design enhanced the mechanical durability and
chemical resilience of the microcapsules, thus enabling regulated CEO release. By adjust-
ing the proportion of CEO to surfactants and biopolymers, we aimed to enhance the mi-
crocapsules’ stability and release kinetics.

2.3. Microcapsule Characterization
2.3.1. Size and Zeta Potential

The hydrodynamic diameter (size) and the zeta potential (ZP) of the emulsions and
microcapsules were analyzed using a dynamic light scattering (DLS) Nano ZS Zetasizer
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ZEN3600 (Malvern Instruments Ltd., Malvern, UK). Zeta potential measurements, based
on electrophoretic mobility, were conducted using the same instrument, considering the
dielectric constant of water (78.5 F/m). All measurements were carried out in triplicate at
room temperature (25 °C). The samples were diluted in Milli-Q water at a volume ratio of
1:50 (v/v).

2.3.2. Optical Microscopy Characterization

To analyze the morphology of the created structures, 5 mL of the microcapsule solu-
tion was placed on a Petri dish and left to dry at room temperature for 24 h. Observations
were carried out using an Infinityx ZEISS Stemi 2000-C microscope (Jena, Germany).

2.3.3. FTIR Spectroscopy

The presence of microcapsules was demonstrated by the existence of molecular in-
teractions and the disappearance of some functional groups corresponding to the essential
oil, with the oil forming part of the core and chitosan/gum Arabic as the shell structure.
FT-IR spectroscopy was performed using a Perkin-Elmer Spectrum 65 (Shelton, CT, USA)
with a Universal ATR device.

2.3.4. Thermogravimetric Analysis

The final microstructure of the microcapsules was analyzed using Mettler-Toledo
Thermo Gravimetric Analysis (Columbus, OH, USA). Samples were heated at a rate of 10
°C/min, and the weight loss was recorded. To more accurately determine the decomposi-
tion temperature, the DTGA (Derivative TGA) approach was used.

2.4. Impregnation of Textile Substrates with Microcapsules

Prior to microcapsule application, cotton (COT) and polyester (PES) fabrics were sub-
jected to a standard scouring pretreatment to remove any commercial impurities, sizing
agents, or spinning oils. The fabrics (100% cotton, plain weave, weight: 227 g/m? 100%
polyester, weight: 110 g/m?) were washed with a 1% Triton X-100 (Sigma Aldrich, St.
Louis, MO, USA) solution at a 1:20 liquor ratio, followed by rinsing and drying in a con-
trolled environment to ensure standardized, reproducible fiber surfaces. The scoured tex-
tile substrates were cut into equal rectangular pieces (5 cm x 10 cm) and impregnated by
dipping them into the microcapsule solutions for 30 min, followed by drying for 24 h un-
der controlled ambient conditions (23 °C + 2 °C and 65% + 5% HR) [3]. The mass of the
microcapsules deposited onto the fabric was evaluated through weight difference.

2.5. Drug Delivery Test

CEO release was evaluated via a series of drug delivery experiments mimicking
physiological conditions [3,18]. The primary objective of these experiments was to assess
CEO release behavior when the microcapsules were used on textile substrates, focusing
on COT due to its widespread potential for biofunctional antimicrobial textiles.

To initiate the testing procedure, pre-conditioned and microcapsule-treated COT and
PES fabric samples were placed into the release medium. In this setup, hydrophobic PES
samples were introduced specifically as a chemical control group, allowing for a direct
comparison of absorption/retention capabilities and an evaluation of how a hydrophobic
matrix influences release dynamics, in contrast to the highly hydrophilic nature of COT.

The modified fibers were subsequently soaked in a buffer solution at a pH of 7.4,
simulating human skin conditions and offering a stable aqueous setting for release assess-
ment. The immersion arrangement featured continuous stirring at a regulated tempera-
ture (37 °C, simulating body temperature) to mimic conditions that could occur during
usage.
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Impregnated fabric samples (1 g) were immersed in 50 mL of distilled water (semi-
infinite bath conditions). Over a period of 180 min, 2 mL aliquots were withdrawn at in-
tervals of 0.5, 2, 5, or 10 min. After each sampling, the extracted volume was replaced with
fresh distilled water to maintain a constant bath ratio. This sampling method at a specific
time enabled the monitoring of CEO concentration alterations over time, which is essential
for identifying the release profile and kinetics. UV-Visible (UV-VIS) spectrophotometry
(Shimadzu M-40, Shimadzu Corporation, Kyoto, Japan) was employed to measure the
CEO concentration in each sample, relying on absorbance at the CEO-specific wavelength
of 294 nm. This wavelength was selected because it aligns with the absorbance peak of
cinnamaldehyde, the main active ingredient in CEO, allowing for the precise detection of
CEO in the solution.

The release data obtained via UV-VIS spectrophotometry were subsequently exam-
ined to construct the CEO release profile. Two semiempirical kinetic models were utilized
to analyze the release mechanisms: the Korsmeyer-Peppas model was used to differenti-
ate between Fickian diffusion and non-Fickian diffusion, and the Peppas-Sahlin model
was used to determine the apparent diffusion coefficient (D) modifications [18,20].

2.6. Scanning Electron Microscopy (SEM)Analysis

The surface morphology of the microcapsules was examined with Scanning Electron
Microscopy (SEM), performed on treated and untreated COT and PES fibers using a JEOL
JSM (5610 instrument, Peabody, MA, USA). For SEM, the textile articles were covered with
gold using a sputtering chamber.

2.7. Microbiological Test

The antimicrobial effectiveness of the CEO microcapsules was assessed via microbi-
ological assays employing two prevalent bacterial strains: Staphylococcus aureus ATCC
6538 (CECT 239) and Escherichia coli ATCC 25922 (CECT 434). These strains exemplify
Gram-positive and Gram-negative bacteria, respectively, and were selected to thoroughly
evaluate CEO’s antimicrobial effects on various bacterial cell wall structures, which might
react differently to essential oil constituents. Since these samples were textiles, the norma-
tive Test Method for Antibacterial Activity of Textile Materials: Parallel Streak from the
American Association of Textile Chemists and Colorists (AATCC) TM147-2011(2016)e
was followed.

To begin the microbiological analysis, each fabric sample was transferred to Tryptic
Soy Agar (TSA) plates, which provide a nutrient-rich environment conducive to bacterial
growth. A consistent bacterial culture was inoculated onto each plate near the treated tex-
tile samples, ensuring uniform bacterial distribution around the CEO-treated areas. The
TSA plates were incubated at 37 °C, mimicking human body temperature and real-world
conditions that antibacterial fabrics may encounter.

Following a 24 h incubation, the TSA plates were inspected for evidence of bacterial
inhibition surrounding the CEO-treated textile samples. The primary sign of antimicrobial
effectiveness was the presence of a distinct inhibition zone, characterized by a space sur-
rounding the fabric where bacterial growth was noticeably diminished or nonexistent.
This inhibition zone directly indicated the microcapsule’s ability to release adequate CEO
amounts to hinder bacterial growth in the nearby region.

3. Results and Discussion
3.1. Microcapsule Stability and Characterization

Dynamic light scattering (DLS) measurements indicated that the particle size of mi-
crocapsules changed depending on the surfactant and biopolymer concentrations used
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during the encapsulation procedure. The particle sizes presented in Figure 1 highlight the
critical role of surfactant concentration and type on emulsion stability. S80 emulsions at
concentrations of 0.4 g/L and 0.7 g/L (black columns) had significantly smaller particle
sizes compared to those formed using T20 and SDS, with an average diameter of less than
one micron. This result can be attributed to the lower interfacial tension achieved by S80,
a nonionic surfactant with excellent hydrophobic compatibility [16]. Additionally, the in-
clusion of CEO further influenced the droplet sizes, suggesting enhanced emulsion stabil-
ity under optimal conditions for hydrophobic essential oils. This limited size range is ideal
for maintaining stable dispersion in water-based environments, as it minimizes the likeli-
hood of sedimentation and clustering [16].

W S80 S80with CEO
T20 T20 with CEO T I
m SDS K& SDS with CEO
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Surfactant concentration (g/L)

Figure 1. Emulsion size (Z-Ave) obtained with the use of the various surfactants.

The zeta potential assessments additionally confirmed the stability of these emul-
sions (Figure 2). Emulsions containing S80 exhibited elevated zeta potential values, sug-
gesting significant electrostatic repulsion among the micelles. This repulsion hinders clus-
tering, keeping the micelles in a steady colloidal suspension. The ideal zeta potential range
noted was from -30 mV to —40 mV, generally linked to very stable suspensions, reducing
the likelihood of aggregation over time. In contrast, T20 and SDS resulted in emulsions
with reduced zeta potential values, which were associated with an increased likelihood of
aggregation, especially at lower concentrations [16]. The zeta potential behavior aligns
with the molecular characteristics of S80, which supports stable water-in-oil emulsions
critical for the encapsulation process.
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Figure 2. Zeta potential measurements of the emulsions prepared using different surfactants.

Based on the size and zeta potential results, three emulsions were selected: S80 0.4
g/L, 580 0.7 g/L, and SDS 0.5 g/L. These emulsions had small diameters and a high electri-
cal charge after the CEO was incorporated.

Introducing CS as the primary coating (Figure 3) led to stable microcapsules with
consistent size distributions. CS, known for its inherent antimicrobial properties and bio-
compatibility, effectively adsorbed onto the emulsion surface through electrostatic inter-
actions with the negatively charged CEO emulsions (Figure 2). The average sizes of the
microcapsules formed with S80 at 0.4 g/L and 0.7 g/L remained within the submicron
range, which is ideal for controlled release applications.

50,000

W 580 0.4 g/L (hm)

$80 0.7 g/L (nm)
40,000 mSDS 0.5 g/L (nm)
35,000

45,000

30,000
25,000
20,000
15,000

Size (Z-Ave), nm

10,000
5,000
0 R = . e R =

1:0.5 1:d 1:1.5
Ratio (CEO O/W:CS)

Figure 3. Size distribution of 580 microcapsules coated with a CS layer.
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Adding a secondary Gum Arabic (GA) layer (Figure 4) further enhanced microcap-
sule stability and mechanical strength. The dual-layer design, as expected, effectively in-
creased microcapsule diameters due to the additional polymer deposition, with ratios
such as 1:0.5:1 (CEO O/W:CS:GA) and 1:1:1.5 demonstrating an optimal balance between
size and structural uniformity. These combinations are particularly important for appli-
cations requiring prolonged CEO release, as the secondary layer mitigates premature re-
lease by reinforcing the barrier properties of the microcapsule [21].

i 500 mS800.4g/L(nm) [15800.7 g/L (nm) ‘

3,500
3,000
2,500

2,000

Size (nm)

1,500

1,000
500 IH I
. I » ]

1:0.5:0.5 1:0.5:1 1:0.5:1.5 1:1:0.5 1:1:1 1:1:1.5 1:1.5:0.5 1:1.5:1 1:1.5:1.5
Ratio O/W:CS:GA

Figure 4. Emulsion size results (Z-Ave) obtained with the various surfactants used.

Figure 5 presents the zeta potential distribution of microcapsules with a single CS
coating. The data obtained highlight that microcapsules prepared with S80 at a concentra-
tion of 0.4 g/L exhibit a zeta potential in the range of -30 mV to -40 mV, suggesting elec-
trostatic repulsion between particles. This indicates a highly stable colloidal system,
where the aggregation has been minimized, ensuring the uniform dispersion of microcap-
sules. The strong interaction between the positively charged CS and the negatively
charged CEO-loaded micelles enhances the stability of the emulsion.

40.00
30.00 I I
=
£ 20.00
©
€
5 10.00
[e]
a
g 0.00
N 1:0.5 1:1 1:1.5
-10.00
-20.00

Ratio CEO O/W:CS)

W S800.4g/L mS800.7g/L MSDSO.5g/L

Figure 5. Zeta potential distribution of S80 microcapsules coated with a CS layer.
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Figure 6 extends the analysis to microcapsules coated with both CS and GA. The ad-
dition of GA as a secondary layer further stabilizes the microcapsules, with zeta potential
values becoming less negative compared to those in Figure 5. This reduction is due to the
neutralizing effect of the GA layer, which reduces the net surface charge of the microcap-
sules while enhancing their mechanical integrity.

For microcapsules formed with S80 at 0.4 g/L, the zeta potential remained within a
range of -30 mV to -40 mV, which is still indicative of good colloidal stability but reflects
a slight reduction in electrostatic repulsion. This shift aligns with GA’s role in creating a
compact, cohesive matrix that stabilizes the microcapsule structure [21,22].

50.00
mZPS800.4g/L(mV)  mZPS800.7 g/L (mV)

40.00 I I I
30.00
20.00
10.00
0.00

105051051105151 0.5 1:1:1 1:1:1.5 1:1.5:0.5 1:1.5:1 1:1.5:1.5

ZP (mV)

-10.00
Ratio CEO O/W:CS:GA

Figure 6. Zeta potential distribution of S80 microcapsules coated with CS and GA layers.

3.2. Optical Microscopy

Morphological examination using an optical microscope further revealed the micro-
capsules’ structure (Figure 7). These images show that the S80 microcapsules were spher-
ical and displayed a smooth surface texture, suggesting the presence of a cohesive biopol-
ymer layer surrounding the CEO. The dual-layer configuration, comprising CS and GA,
established a compact matrix enveloping the CEO core, improving structural strength and
potentially regulating CEO release. These results emphasize the efficiency of S80 in creat-
ing stable and structurally robust CEO microcapsules appropriate for extended use.

Figure 7. 580 microcapsules. (a) Microcapsule coated with a single biopolymer layer of CS; (b) mi-
crocapsule with a dual biopolymer layer comprising CS and GA.
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3.3. FTIR Spectra

The main signals that characterize cinnamon essential oil (green line in Figure 8) are
689 cm™, corresponding to the specific C-H out-of-plane bending vibration of alkenes,
1673.7 cm™, attributed to the C=O carbonyl stretching from the aldehyde group, and
1625.5 cm™, corresponding to C=C stretching. Both the carbonyl and alkene signals are
characteristic indicators of cinnamic aldehyde, which is a marker of cinnamon oil [23,24].
Additionally, a minor peak at 1734 cm™ was observed, which can be attributed to the C=O
stretching of trace ester components within the essential oil.

Absorbance
cco
288

3,360.2
el

0.4 3,385.0 2,968.5

cm-1
Wave number

Figure 8. FTIR spectra of CS, AG, CEO, and two samples of microcapsules (0.4 g/L, MC04 and 0.7
g/L MC07).

As shown in Figure 8, the microcapsules showed a shift in the 3385 cm™ peak, indi-
cating a molecular interaction between the -OH groups of the oil and the -OH groups of
chitosan through a hydrogen bond. This can be attributed to the formation of oil micro-
capsules, which is confirmed by the disappearance of oil peaks in the 748.1-688.9 cm™
range and the significant decrease at 1673.7 cm™ masked by the biopolymer shell.

3.4. TGA and DTGA

During thermogravimetric analysis, an average mass of 10 mg of the sample (poly-
mers, surfactant, and microcapsules, all previously dehydrated for 24 h at 80 °C) was
placed in an alumina cup and heated from 25 °C to 600 °C at a heating rate of 10 K min™
under a nitrogen flow of 50 mL min'. The derivative thermogravimetric (DTGA), the ini-
tial degradation temperature (Tonset), and the peak temperature were evaluated to under-
stand the thermal properties of the samples and are presented in Table 1.

Table 1. Parameters of the TGA assays. MC1 CEO and MC2 CEO are the two types of microcapsules
obtained and used in the delivery experiments (0.4 g/L and 0.7 g/L).

Sample Tonset (°C) Tpeak (°C) Integration (mg)
Chitosan 27.44 56.83 0.35
199.44 209.67 1.78
Arabic gum 3291 43.67 0.15
273.57 299.83 3.79
Span 80 132.21 179.83 013
279.59 291.50 0.26
383.14 420.67 2.99
431.78 433.17 0.72
MC1CEO 135.13 176.67 6.50
406.28 410.83 023
MC2 CEO 124.95 174.17 7.17

304.69 361.00 53.12 x 1073

CEO 143.45 181.00 7.36
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As shown in Figure 9, the weight loss profiles of the cinnamon oil and microcapsules
are very similar. Biopolymers and other components of the analyzed system strongly de-
viated from this behavior. It is only possible to detect the influence of Gum Arabic or chi-
tosan after long periods of time, when the oil has volatilized from the microcapsules over
the period of 12 to 16 min. In contrast, when the oil was inside the microcapsules, this joint
decomposition occurred over longer periods of time, showing the stability of the micro-
capsules and demonstrating the presence of the essential oil inside their structure as part
of the core.

MC1 CEO

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 °C
INTEXTER ALBA STAR" SW 16.10

Figure 9. TGA graphs for each of the components of the system, separated and together as micro-

capsules.

3.5. Textile Application

Fabric samples of 1 g (5 cm x 10 cm) were impregnated using the dipping procedure.
The textile weight before and after application was used to calculate the impregnation
percentage (see Table 2).

Table 2. Impregnation of textiles with S80 microcapsules.

Textile Microcap Sample Ratio CEO:CS:GA Impregnation (%)
1: 0.5:1 3.06
cor 04 gL 1:1.5:15 2.98
0.7 /L 1:0.5:0.5 2.61
78 1:0.5:1 3.76
1:0.5:1 0.67
PES 04 g/L 1:1.5:15 0.71
0.7 ¢/L 1:0.5:0.5 0.47
78 1:0.5:1 1.36

Table 2 indicates that, although both fabrics were impregnated with microcapsules,
the COT fabric retained a higher amount. This is because COT fibers are cellulosic, with a
porous and absorbent structure, hydrophilic properties, capillary absorption capacity,
and a higher affinity for chemical bonds (hydrogen bonds) and physical interactions with
microcapsules. In other words, the texture and roughness of COT fibers provide a larger
surface area and more anchoring points for the microcapsules compared to the smoother
surface of PES fibers. Therefore, COT samples were used for the delivery experiments
because the number of microcapsules in the PES samples was too low.

The 1:0.5:1 ratio was selected not only for its superior impregnation efficiency (3.76%
for COT) but also due to its optimal colloidal characteristics. This formulation maintained
a submicron particle size and a high zeta potential (-30 to 40 mV), ensuring a stable sus-
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pension that facilitates uniform distribution within the porous structure of cotton fibers.
In the next step, the 1:0.5:1 ratio was used to study CEO drug delivery from both textiles
and both 580 microcapsule concentrations (0.4 g/L and 0.7 g/L).

3.6. Regulated Release Patterns

CEO release from S80 microcapsules, particularly the release kinetics when applied
to COT, was examined under simulated physiological conditions.

The release profiles of each fiber type were assessed using UV-Visible spectropho-
tometry to measure the CEO concentration at 294 nm, with the calibration curve shown
in Equation (1).

y=536x+0.153 R2=0.998 (1)

where y is absorbance, and x is the CEO concentration (g/L).

Fickian diffusion, the conventional diffusion model, explains a release mechanism
that relies entirely on concentration gradients, in which the CEO moves through the mi-
crocapsule barrier into the adjacent medium. Anomalous diffusion, also known as non-
Fickian diffusion, refers to a release process affected by other parameters, such as relaxa-
tion of the polymer matrix or structural changes within the surrounding layers promoted
by intense molecular interactions.

The CEO release pattern (Figures 10 and 11) showed a biphasic profile marked by an
initial quick release phase followed by a gradual, prolonged release. This biphasic pattern
is frequently seen in controlled-release systems, where an initial “burst release” ensures
the immediate availability of the active ingredient, followed by a sustained diffusion
phase that enables extended delivery. During the early phase, Fickian diffusion was the
primary mechanism for CEO release, as deduced from the rise in concentration within the
buffer solution. This phase is attributed to CEO molecules being positioned in the outer
layer of the microcapsule matrix, allowing them to disperse more easily into the surround-
ing environment.

In the next phase, the CEO released profiles presented in Figures 10 and 11, which
highlight the sustained release capabilities of the microcapsules formulated with S80 at
0.4 g/L and 0.7 g/L from COT fabrics. The release kinetics were analyzed using established
models, such as the Korsmeyer-Peppas (Equation (2)) and Peppas-Sahlin (Equation (3))
models.

The Korsmeyer—Peppas model (Figures 10c and 11c) indicated a non-Fickian release
mechanism, characterized by both diffusion and polymer relaxation processes. This re-
lease behavior underscores the influence of the dual biopolymer layers in controlling CEO
diffusion rates.

C/Co=k - tn 2)

where Ct is the amount of active principle (AP) released at time t, Ce is the maximum
amount of the released AP at infinite time, k is the rate constant of AP released, and n is
the diffusional exponent that depends on the system geometry. The value of n is indicative
of the release mechanism of the AP [20].

Ci/Co=ki-tm+ ko t2m 3)

The application of the Peppas-Sahlin model (Figures 10d and 11e) further confirmed
the presence of anomalous diffusion, as reflected in the low k2 values (Table 2). These
results emphasize the role of polymer matrix relaxation in modulating CEO release and
the strong influence of the chemical characteristics of the textile fabric where the capsules
deliver the CEO.
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The transport in swelling systems (such as CS and GA) can be described using Fick’s
second law, where the diffusion of the active agent is assumed to be a plane surface for
short times of liberation. The Higuchi equation can be used for apparent diffusion coeffi-
cient approximation (Equation (4)), where D is the apparent diffusion coefficient of drug
release and 6 is the width of the planar matrix [25,26].

M 4 Dt
I )
My  m |62
The Higuchi model’s (Equation (4)) parameters, such as the diffusion coefficient D/6?,
also demonstrated higher values for S80 microcapsules at 0.7 g/L, suggesting enhanced

CEO mobility through the matrix under optimal conditions.
Ct/Co0 =K - 05 )

The experimental data (Figure 11a,b) indicate that formulations with 0.7 g/L. S80 and a
1:0.5:1 (CEO O/W: CS: GA) ratio provided the most consistent CEO release profile, achieving
a sustained release over an extended period. The use of dual biopolymer layers not only
delayed the release of CEO but also ensured that its therapeutic concentration remained
within an effective range, thus enhancing its potential for long-term applications [15].

In essence, the release rate of the CEO decreases, exhibiting an unusual (non-Fickian)
diffusion pattern. This sustained-release phase is affected by the encapsulation matrix, as
the structural characteristics of the CS-GA bilayer regulate CEO diffusion. The thick, strat-
ified composition limits the movement of the CEO, thus prolonging its release. This regu-
lated release characteristic is particularly advantageous for applications that require a sus-
tained antibacterial effect, such as therapeutic or antimicrobial fabrics. It is also noticeable
that the prolonged decrease is caused by the reservoir effect, which is observed when the
textile acts as an interface between the bath and the microcapsules. Depending on the
chemical interactions that the active agent undergoes in the bath, it tends to adhere to the
textile due to mutual affinity, especially when the essential oil is poorly soluble in water.
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Figure 10. Drug delivery profiles of microcapsules formulated with S80 at 0.4 g/ ratio 1:0.5:1 on COT.
(a) Experimental drug release data, showing the concentration of the compound over time. (b) Fit-
ting of the Korsmeyer—-Peppas model to the experimental data. (c) Logarithmic representation of the
Korsmeyer-Peppas model, illustrating the non-conventional release mechanism; R2 = 0.445. (d)

Comparison of experimental data with the Peppas-Sahlin model.
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Figure 11. Drug delivery profiles of microcapsules formulated with S80 at 0.7 g/L in COT: (a) exper-

imental drug release data showing the concentration of the active compound over time; (b) fitting
of the Korsmeyer—Peppas model to the experimental data, illustrating the general release behavior;
(c) application of the Korsmeyer—Peppas model highlighting the diffusion-based release mecha-
nism; R2 = 0.778; (d) representation of the Korsmeyer-Peppas model demonstrating a non-conven-

tional release mechanism; (e) comparison of experimental results with the Peppas—-Sahlin model.

For the 580 0.4 g/L and 0.7 g/L samples, a 1:0.5:1 ratio was applied to the COT, and
the results for these samples are shown in Table 2. The samples with a higher amount of
surfactant showed a higher mass transfer coefficient, indicating that their retention was
less strong. The absorption of the bath, as a triggering mechanism, reduced the effect of
retention when the amount of surfactant was 0.7 g/L, which is consistent with the type of
interactions that the surfactant can form when the quantity of water is high. A defor-
mation of the micelles occurred, improving the release of the oil compounds. Specifically,
the observed trend in impregnation efficiency with varying surfactant concentrations (Ta-
ble 2) suggests that a concentration of 0.7 g/L of S80 enhances the mass transfer coefficient.
This higher concentration likely promotes micellar deformation during the drying pro-
cess, improving the interaction between the biopolymer shell and the cellulosic hydroxyl
groups and thereby optimizing the initial reservoir for subsequent delivery.

The phenomena described here exhibit two different mechanisms. On the one hand,
a mass gradient exists between the microcapsules and the tissue, which can control CEO
delivery outside of the capsule. By contrast, the mass gradient between the CEO retained
in the tissue and the semi-infinite bath will depend on the chemical affinity of the CEO
chemical components and the hydrophilicity/hydrophobicity of the tissue. Over a short
period of time, apparent diffusion controls the delivery to the bath. When the oil concen-
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tration increases considerably in the bath, some o0il components return from the bath to
the tissue, especially when the hydrophilic COT acts as the transitional reservoir substrate.
This effect is physically responsible for the existence of two steps in the delivery to the
bath and accounts for the lower single-phase R2 coefficients, as the system transitions be-
tween these regimes. Consequently, the Korsmeyer-Peppas equation provides an average
value of n because the main mechanism depends on time. Meanwhile, the values obtained
using the Higuchi model applied to short times allow us to calculate the apparent diffu-
sion coefficient of the microcapsule—textile substrate system. The Peppas—Sahlin model
(Figure 11e), designed to discriminate the separate behavior of the microcapsule core con-
tent gradient from the mobility of polymers in the shell, clearly shows the best correlation
with the experimental results.

3.7. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images revealed the presence and distribution
of S80-based microcapsules in both the COT and PES fibers. The dual-layered
microcapsules exhibited enhanced mechanical attachment, particularly in formulations
with optimized polymer ratios. This adhesion suggests that the microcapsules remain
attached to the fibers, maintaining their functional properties throughout use and
enabling controlled CEO release.

A comparative analysis of the CEO release profiles of these fibers highlighted distinct
differences. In COT fibers, the release was more gradual and sustained, attributed to their
higher porosity and absorbency, as well as the favorable surface chemistry of cotton (hy-
droxyl groups) that promotes hydrogen bonding with the encapsulation matrix. This may
have allowed closer interactions between the microcapsules within the fiber network. In
contrast, PES fibers, with their lower porosity and hydrophobic nature, retained the mi-
crocapsules primarily on the surface, leading to a faster but shorter release. These findings
suggest that COT fibers are better suited for applications requiring prolonged CEO re-
lease, while PES fibers are more appropriate for scenarios demanding rapid, transient de-
livery (Figure 12).

Figure 12. SEM images showing CEO microcapsules adhering to the surface and embedded within
the structure of (a) COT fiber and (b) PES fiber.

3.8. Bacterial Inhibition Effectiveness

The antibacterial effectiveness of the CEO microcapsules was evaluated by determin-
ing their inhibition zones against E. coli and S. aureus, representing Gram-negative and
Gram-positive bacteria, respectively. The formation of inhibition zones around the textile
samples treated with CEO shows that CEO was effectively released from the microcap-
sules in adequate amounts to influence bacterial growth (Figure 13). The antibacterial as-

https://doi.org/10.3390/textiles6030090



Textiles 2026, 6, 90

17 of 19

say period was only 24 h (AATCC TM147-2011-2016e), which was not long enough to
deliver a larger quantity of active principles, as supported by the low apparent diffusion
coefficients in Table 3. Consequently, the observed effects at 24 h are limited by diffusion,
and the effect should be qualified as an “influence”.

Table 3. Parameters derived from various mathematical models applied for the analysis of the drug

release kinetics.

Korsmeyer-Peppas

Sample Model Higuchi's Law Peppas—Sahlin Model
k n Ku D/d? K1 K> Ks
0.44 0.04
580 0.4 g/L - - 189 07 0.54 -0.09 0.6
0.56 2.88
5800.7g/L  0.49 0.54 0.06 1o 0.14 -0.03 0.27

This suggests that the antibacterial efficacy of the CEO microcapsules, assessed using
E. coliand S. aureus, was limited. Despite strong microcapsule adhesion to textile fibers, a
potentially limited CEO concentration within the capsules might have restricted the for-
mation of significant bacterial inhibition zones. This limitation underscores the need to
optimize CEO loading during the encapsulation process to enhance antimicrobial perfor-

mance.

(b)

Figure 13. Photographs of antibacterial tests for CEO microcapsules adhered to textile samples
against (a) Escherichia coli and (b) Staphylococcus aureus. In both panels, the top images correspond
to PES and the bottom images to COT.

Although CEO has shown inherent antibacterial qualities in earlier studies [17,18],
the encapsulation method presents certain constraints. The bilayer encapsulation matrix,
although successful in regulating CEO release, might limit CEO’s diffusion into the adja-
cent medium, particularly at minimal CEO concentrations. Additionally, as a hypothesis,
the stability of the microcapsules tested might immobilize the chitosan chains in the mi-
crocapsule, potentially reducing their mobility and their antimicrobial effects. Therefore,
although the microcapsules provided certain antibacterial protection, the inhibition zones
were smaller than those observed in free CEO applications in comparable studies. This
discovery indicates that future research should aim to enhance the loading of CEOs into
microcapsules to boost antimicrobial effectiveness while maintaining structural stability.
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Future strategies for enhancing the antibacterial performance of the developed mi-
crocapsules should focus on increasing both the effective concentration and the bio-avail-
ability of CEO at the textile-microorganism interface. This could be achieved by optimiz-
ing the core loading capacity of the microcapsules, either by increasing the oil-to-polymer
ratio or by modifying the micellar pre-encapsulation step to improve the retention of ac-
tive volatile compounds.

4. Conclusions

In this study, stable cinnamon essential oil (CEO) microcapsules were successfully
produced using Span 80 (0.4-0.7 g/L) and a chitosan—-Gum Arabic dual layer. The capsules
exhibited submicron diameters and high zeta potential values, ensuring colloidal stability
and minimizing aggregation.

The release kinetics followed a biphasic pattern, characterized by an initial burst
phase followed by sustained diffusion regulated by the polymeric matrix. In textile appli-
cations, cotton fibers demonstrated significantly higher microcapsule retention and more
effective release than polyester, which can be attributed to their porous and absorbent
nature.

The enhanced thermal stability observed in the TGA further supports the formation
of a compact biopolymeric shell, which is consistent with the reduced diffusion coeffi-
cients and the sustained release behavior observed during the drug delivery experiments.

Finally, the microcapsules exhibited limited antibacterial activity against E. coli and
S. aureus, as their effectiveness was constrained by the CEO concentration within the core.
These findings indicate that future optimization strategies should focus on increasing the
loading capacity to enhance antimicrobial performance in functional textile applications.
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