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Highlights

What are the main findings?

• The study presents the successful synthesis of alginate-based microcapsules containing
Nigella sativa oil as a core material via the sol–gel technique.

• The as-synthesized microcapsules were characterized via SEM and optical microscopy
and subsequently applied on cotton fabric via a pad–dry–cure method.

What are the implication of the main findings?

• The developed cotton fabrics revealed excellent antibacterial activity (AATCC TM 147
and AATCC TM 100) and antioxidant (in vitro assay) activity.

• The development of such functional textiles can serve the medical field by contributing
to wound dressings and other skin applications.

Abstract

This study investigates the fabrication of microcapsules using Nigella sativa (N.S.) oil as the
core and alginate as the shell material. The N.S. oil microcapsules were prepared using
the sol–gel method with different oil concentrations. The microcapsules were applied to
the cotton fabric by the pad–dry–cure method, and their attachment was evidenced by
scanning electron microscopy (SEM). Air permeability measurements were conducted for
all developed samples, revealing that the sample with 8 g loading of N.S. oil and 4.5 g
alginate exhibited a 43% reduction compared to the pristine sample. To further investigate
the comfort characteristics of the samples, the functionalized cotton samples were subjected
to the water vapor permeability index test. The results yielded an index value of 90,
indicating that the encapsulation process preserved the comfort characteristics of the
samples. Among the samples, the specimen with an oil concentration of 8 mL displayed
the maximum antibacterial performance, achieving a 90% reduction in colony-forming
units (CFUs) following quantitative testing protocol. However, the qualitative antibacterial
assessment indicates no clear zone of inhibition, but no bacterial growth was observed
on the samples. Furthermore, the fabric incorporating the maximum loadings of N.S. oil
and alginate capsules exhibited the maximum antioxidant activity of 86.5%. These results
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underscore the critical role of N.S. oil microcapsules in enhancing the antibacterial and
antioxidant properties of cotton fabric, while also revealing a harmony between functional
performance and comfort characteristics.

Keywords: Nigella sativa; microcapsules; sodium alginate; functional properties;
antioxidant activity

1. Introduction
Microbial contamination of textiles poses a serious public health threat, as healthcare-

associated infections (HAIs) affect a significant proportion of patients in acute care hospitals
worldwide. Healthcare workers serve as significant carriers of pathogen transmission, creat-
ing an urgent need for functional medical textiles, such as wound dressings, patient gowns,
and hospital bedding, that are capable of providing durable antibacterial protection, partic-
ularly in the face of growing antimicrobial resistance [1]. Bio-functional textiles containing
bioactive materials have emerged as a promising solution to this challenge, representing
a key category of advanced materials for infection control [2]. These bioactive agents can
be enclosed in a shell material, which serves as a protective layer for the core material
and allows for a controlled release [3]. One of the key applications of microcapsules is
the encapsulation of synthetic antibacterial agents [4], and thus, their incorporation into
textiles prolongs the functional life of medical fabrics [5]. However, considering synthetic
antibacterial materials’ concerns, the researchers are now mainly turning to natural an-
tibacterial agents in textile products [6]. Several studies have explored both synthetic
and natural antibacterial agents for textile finishing. Synthetic agents, including metallic
nanoparticles of silver, zinc, copper, titanium, and gallium, as well as organic compounds
such as triclosan, quaternary ammonium compounds, polyhexamethylene biguanide, and
N-halamines, have demonstrated proven antimicrobial activity in textile applications [7–9].
More recently, natural antimicrobial agents derived from plant extracts and essential oils
have gained significant importance as sustainable alternatives, offering reduced toxic ef-
fects on human health and the environment [10,11]. Among many natural antimicrobials,
N.S. oil is identified as a profoundly active substance because of the quinone compounds
existing in it, which are well known for their antibacterial and antifungal properties [12].
Furthermore, N.S. oil has been clinically reported to be effective against skin infections and
in the inhibition of chronic wounds [13]. Owing to its demonstrated bioactivity and clinical
validation, N.S. represents a promising natural agent for the development of antibacterial
functional textile [14].

The standard structure of a microcapsule consists of a liquid core, containing the active
agent, encapsulated within a solid coating material [15]. The encapsulation process creates
a protective barrier against degrading environmental factors [16]. Apart from protection,
the shell also allows the controlled release of oils embedded inside it [17]. Current encap-
sulation methodologies include emulsification, sol–gel, coacervation, spray drying, and
nanoprecipitation [18]. Among these, the sol–gel process is a versatile approach for the
structural stabilization of microcapsules and the controlled release of bioactive oils and
compounds [19]. The key to the success of this method is the accurate control of the for-
mulation and the processing conditions, where the shell structure and the release behavior
are determined by factors such as precursor selection and solvent choice [20]. From a for-
mulation perspective, hydrophobic agents must first be emulsified prior to encapsulation,
requiring ionic or non-ionic surfactants, whose chemistry largely governs the final pore
structure [21]. For example, ionic surfactants (e.g., sodium dodecyl sulfate) promote the
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formation of smaller pores (2–4 nm), whereas nonionic surfactants (e.g., polysorbates) lead
to larger pores (~10 nm) and less densely packed shells [22]. In addition to the selection
of surfactants, pH is a key factor in determining the final pore morphology [23]. One
example is shells with low permeability, resulting from treatment under acidic conditions,
while highly porous structures are formed under basic conditions that allow for faster
release of the bioactive materials [24]. In this way, the sol–gel process provides a versatile
approach to regulate various chemical and physical factors, which results in the production
of microcapsules having excellent stability and controlled-release behavior [25].

Another important step in microencapsulation is the selection of shell material, espe-
cially when dealing with bioactive oils like N.S. From the available polymers, alginate is a
particularly suitable choice, since it is capable of undergoing mild ionic gelation [26]. As a
result of exposure to divalent cations such as Ca2+, ionic bridges are created between the
parts of guluronic acid, thus forming a cross-linked alginate hydrogel. This network serves
as a double layer of protection for the agent, both against the environment and by control-
ling its release [27,28]. The alginate microcapsules are capable of this dual functionality, i.e.,
protection and controlled release. This feature makes the alginate-based capsules extremely
attractive for use in the field of durable textile finishes [29].

Despite considerable advances in functional textile development, critical research gaps
remain. First, synthetic antimicrobial agents raise concerns due to their adverse effects on
human health and the environment. Second, while N.S. oil is a potent natural antimicrobial,
its practical application is limited by poor water solubility, oxidative instability, and low
bioavailability, challenges rarely addressed in textile studies. Third, most prior investi-
gations have focused solely on antibacterial efficacy without evaluating fabric comfort
properties such as air permeability and moisture management, despite evidence that poly-
meric microcapsules can reduce breathability. This dual assessment of antibacterial activity
and wearer comfort remains largely unexplored for alginate-based systems incorporating
N.S. oil.

Addressing these limitations requires a system that simultaneously delivers: (i) natural
biocompatible antibacterial activity; (ii) protection and controlled release of the active agent;
and (iii) minimal disruption to the intrinsic comfort properties of the treated fabric. The
present study is designed to bridge this gap by developing alginate-based microcapsules
loaded with N.S. oil via the sol–gel process, followed by their application onto cotton fabric.
Scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR)
were used to verify the successful encapsulation. Beyond antibacterial evaluation, this work
also focuses on variations introduced by functional microcapsules in comfort properties,
like air permeability and moisture management. The findings of this study have broad
implications for next-generation functional textiles. The alginate/N.S. oil microcapsule
system provides a scalable, sustainable, and biocompatible platform for medical textiles,
personal protective equipment, and hygiene apparel. Encapsulation strategies in textile
finishing offer a transformative approach for sustained release of therapeutic agents across
multiple functionalities. Future work should focus on wash durability, scale-up, and
application to other natural oils to advance bio-functional medical textiles.

2. Materials and Methods
2.1. Materials

Laboratory-grade sodium alginate (alginic acid sodium salt from brown algae, medium
viscosity, CAS No. 9005-38-3, Cat. No. A2033, ≥98% purity) and calcium chloride (≥97%
purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tween-80 (an emulsifier,
(≥99% purity)) was obtained from Merck (Darmstadt, Germany). N.S. seeds were obtained
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from a certified herbal supplier in Valencia Town (Lahore, Pakistan). All the chemicals
obtained were used without further purification.

2.2. Methods
2.2.1. Extraction of N.S. Seed Oil

The initial step involved cleaning the N.S. seeds by washing, followed by drying
at 40 ◦C in a vacuum oven to remove the dust and residual moisture. The dried seeds
were subjected to cold-press extraction using an oil press (Henan Yishen, Model YS100,
Zhengzhou, China) to obtain the oil. The reason for choosing the cold-press method was to
avoid the heat degradation of the native bioactive components existing in the seeds, which
are usually damaged if a heat-based extraction process is applied.

2.2.2. Preparation of N.S. Oil Microcapsules via Sol–Gel Technique

The microcapsules containing N.S. oil were prepared by the sol–gel technique. For
this purpose, 1.5 g of sodium alginate was added to 100 mL of distilled water (yielding a
final concentration of 1.5% w/v) and heated at 90 ◦C for a period of 10 min with continuous
stirring to prepare Solution I (SI). In Solution II (SII), 4 g of calcium chloride was dissolved
in 100 mL of distilled water while stirring at 500 rpm. To this mixture, 2 mL of N.S. oil
and three drops of Tween 80 were added, followed by thorough homogenization to ensure
effective dispersion. The stirring speed remained the same throughout. Subsequently,
the calcium oil mixture (Solution II) was slowly added to Solution I, using a thin gauge
syringe with a high-speed homogenizer (10,000 rpm). The droplets were kept in the alginate
solution for 15 min to ensure complete ionic cross-linking within the microcapsule shell. A
flow diagram showing the procedure for making microcapsules using Solutions I and II is
included below as Figure 1.

Figure 1. Schematic presentation of N.S. oil extraction process and its sol–gel microencapsulation.

All other microcapsule formulations were prepared following the same procedure,
with only the concentrations of sodium alginate and N.S. oil varied as outlined in Table 1.

Table 1. Formulation for sodium alginate/N.S. oil microcapsules, showing variations in shell and
core material concentrations.

Sample Sodium Alginate (g) N.S. Oil (mL)

S0 0 0
S1 1.5 2
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Table 1. Cont.

Sample Sodium Alginate (g) N.S. Oil (mL)

S2 3 2
S3 4.5 2
S4 4.5 4
S5 4.5 6
S6 4.5 8

2.2.3. Application of N.S. Oil Microcapsules on Cotton Fabric

The microencapsulated formulations were applied to cotton fabric using a conventional
pad–dry–cure process. The samples were immersed in the microcapsule dispersions for 5 min
to ensure uniform uptake, followed by passage through padding rollers to remove excess
liquor and attain a wet pick-up of approximately 70%. After padding, the fabrics were dried
at 100 ◦C for 3 min and then cured at 110 ◦C for 2 min using a laboratory stenter frame.

2.3. Characterization and Testing

The microcapsules morphologies were characterized via optical microscopy (Infitek,
MSC-P3000, Shanghai, China), while the surface microstructure of the treated cotton fabric
was examined using field-emission scanning electron microscopy (FE-SEM; Nova NanoSEM
450, Hillsboro, OR, USA). All the fabric samples were separately spread on carbon tape, which
was placed on an aluminum stub. Aluminum stub holders, along with the samples, were
placed in a gold sputtering unit for gold coating. Once the gold coating was finished, the
samples were taken out, and morphological analysis work was carried out. The images were
recorded and evaluated. Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy (KRÜSS, Hamburg, Germany) was employed to examine and compare the
surface chemical functionalities of untreated and treated fabric samples. Air permeability was
measured using the Testex FX 3300 Air Permeability Tester (Schwerzenbach, Switzerland)
based on the requirements of EN ISO 9237:1995. Water vapor permeability, the main parameter
determining thermophysiological comfort, was measured for untreated and functionalized
cotton fabrics according to BS 7209:1990. The higher the index value, the better the moisture-
regulating capacity. The antimicrobial activity of the functionalized fabrics was determined
qualitatively against Staphylococcus aureus (Gram-positive) according to the standard method
AATCC TM 147-2011, which corresponds to ISO 20645:2004. Colony-forming units (CFUs)
recovered from treated and untreated fabrics were quantitatively determined according to
AATCC TM 100–2019, which corresponds to ISO 20743:2021 and ASTM E3160-20. The percent
reduction in viable bacteria was calculated using Equation (1) [6].

% Reduction =
Control CFUs − Treated CFUs

Control CFUs
× 100 (1)

The antioxidant activity of the treated samples was also established according to
in vitro Antioxidant Activity Assay. A 3.5 mL of DPPH (2,2-diphenyl-1-picrylhydrazyl)
methanol solution was used to treat the control and functionalized samples. The samples
were placed in a shaking bath for 25 min at 25 ◦C in a dark environment. The absorbance
was measured at 517 nm. Both samples, the treated with microcapsules and the untreated
(pristine cotton) samples, contain DPPH. The presence of antioxidants on the microcapsules
treated samples initiated the reduction reaction of DPPH radical to a non-radical form (by
changing its color to yellow). The following Equation (2) was used to calculate antioxidant
efficiency of the treated samples [30].

Radical Scavenging Efficiency(%) =

[
1 − Absorbance o f sample

Absorbance o f blank control

]
× 100 (2)
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3. Results
3.1. Morphological Analysis

As shown in Figure 2, the micrographs obtained at 180× magnification confirmed
that the microcapsules were successfully formed with circular morphologies. The micro-
capsules exhibited a size distribution ranging from 12 µm to 112 µm. The distribution
was polydisperse, which is characteristic of sol–gel microcapsules prepared via conven-
tional emulsification [31]. The structures seen are defined, uniform, and spherical in shape,
showing the successful encapsulation of the cores through the applied sol–gel process.

 

Figure 2. Optical microscopy images showing the storage stability of alginate-based microcapsules
containing Nigella sativa oil over time. (a) Day 1: freshly prepared, well-dispersed capsules. (b) Day 5:
capsules remain individually dispersed without agglomeration. (c) Day 10: slight aggregation
observed, but capsules remain suitable for application. (d) Day 15: significant aggregation with few
dispersed capsules. (e) Day 20: complete agglomeration.

To evaluate the lifecycle of the microcapsule suspension and determine its usability
for multiple dip-coating applications, the stability of the formulation was monitored by
optical microscopy over a 20-day period. The microcapsule suspension was stored under
refrigerated conditions (4 ◦C) in sealed, dark containers to minimize oil oxidation and
microbial growth (Figure 2).
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Freshly prepared microcapsules (day 1) exhibited a well-dispersed morphology with
no signs of aggregation (Figure 2a). After 5 days of storage, the capsules remained in-
dividually dispersed and visibly distinct, indicating good colloidal stability (Figure 2b).
By day 10, slight aggregation was observed; however, the majority of capsules remained
sufficiently dispersed for uniform application onto fabric (Figure 2c). After 15 days, sig-
nificant aggregation occurred, with only a few capsules remaining in dispersed form. By
day 20, the microcapsules had completely agglomerated, making them unsuitable for
further dip-coating applications.

Based on these findings, the microcapsule suspension is recommended for use within
10 days of preparation when stored under refrigerated (4 ◦C), dark conditions to ensure
optimal dispersion, consistent microcapsule loading, and reliable antibacterial performance.

Figure 3a shows an SEM image (1000× magnification) of the surface dispersion of
the N.S. oil-based microcapsules within and on the surface of the treated fabric. The
morphology confirms the successful anchoring of the microcapsules by the sol–gel and
pad–dry–cure deposition method. The higher resolution image (7000× magnification,
Figure 3b) shows discrete interparticle gaps between the microcapsules, confirming that
the microcapsules are well dispersed and not interconnected to form a continuous film.
With a diameter of 0.5–1.0 µm, the size of the microcapsules is reasonably small to adhere
onto cotton fibers (~16 µm in diameter) and thus could not occlude fabric porosity. Similar
depositions were achieved for all formulations S2 (Figure 3c), S3 (Figure 3d), S4 (Figure 3e),
S5 (Figure 3f), and S6 (Figure 3g), all prepared at varying concentrations of N.S. oil. Overall,
these SEM analyses confirmed successful preparation and adhesion of the microcapsules to
the fabric samples for all formulations used in this work.

 

Figure 3. SEM micrographs of the prepared microcapsules applied on the cotton fabric surface: (a) S1
at 1000× magnification; (b) S1 at 7000× magnification; (c) S2; (d) S3; (e) S4; (f) S5; and (g) S6.
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3.2. FTIR Analysis

As shown in Figure 4, the ATR-FTIR spectrum of untreated cotton fabric exhibits
characteristic cellulose peaks: a broad band at 3300–3400 cm−1 (O–H stretching), a sharp
peak at 2900 cm−1 (C–H stretching), a band at 1640 cm−1 (adsorbed water O–H bending),
and a strong band at 1030–1060 cm−1 (C–O stretching) [32]. ATR-FTIR analysis of the
treated fabric provided direct evidence of calcium alginate formation, indicated by the
presence of carboxylate ion vibrations: an asymmetric stretch at 1600–1640 cm−1 and
a symmetric stretch at 1400–1430 cm−1, characteristic of ionic cross-linking [33]. The
C–H stretching peak at approximately 2900 cm−1 showed contributions from the alkyl
chains in cellulose, alginate, and N.S. oil. Furthermore, the broad, intense absorption
between 1000 and 1100 cm−1 indicated overlapping C–O and C–O–C stretching vibrations
from the polysaccharide backbones of both cellulose and alginate [34,35]. In brief, the
sample made from cellulose and functionalized with microcapsules is an indication that the
treatment changed the surface of the fabric while the original structure of cotton substrate
remained intact.

Figure 4. FTIR spectra of untreated cotton (S0) and N.S. oil microcapsules-functionalized cotton
fabric (S6).

3.3. Air Permeability Analysis

The air permeability of the control and the treated cotton fabrics was measured, and
the data are presented in Figure 5. The findings from these measurements reveal that the
air permeability of the fabric is inversely proportional to the amount of alginate and oil
loaded in the microcapsules, higher loadings progressively obstruct airflow through the
textile structure. Air permeability decreased from 603 mm/s (untreated S0) to 570 mm/s
(S1: 1.5 g alginate, 2 mL oil) and 528 mm/s (S2). The decrease was gradual, showing
that the deposition of microcapsules may have only partially blocked the fabric’s porous
structure without completely sealing it. When the concentration of the shell-forming
polymer increased to 4.5 g (samples S3 with 2 mL oil and S4 with 4 mL oil), the air
permeability dropped to 494 and 460, respectively. The reason for the decrease is that
a denser microcapsule cover was formed, which limited the passage of air through the
fabric pores. The most significant drop in permeability was noticed for the sample S6
(343 mm/s). According to this finding, combining high levels of the core and shell (4.5 g
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alginate, 8 mL N.S. oil) makes a microcapsule deposit that is obstructive and thus acts as
barrier to the airflow [36]. Overall, the findings reveal that increased microcapsule loading
enhances functionalization but progressively reduces air permeability and, consequently,
textile breathability.

Figure 5. Air permeability of untreated and N.S. oil microcapsule-treated cotton fabric samples.

3.4. Water Vapor Permeability

Figure 6 conveys the water vapor permeability index of the samples from S0 to S6. The
untreated cotton exhibits an index of 94.4, which corresponds to the highest permeability
since no materials were applied to its surface. The water vapor transmission gradually
reduced after the addition of microcapsules to the fabric surface from 93.36 g/m2 for S1
to 90.33 g/m2 for S6. These results suggest that the microcapsules of alginate and N.S.
oil leave only a slight barrier to water vapor passage. Altogether, the decrease was less
than 5%; thus, the moisture transfer was mostly kept intact after functionalization. Vapor
permeability retention is possible due to the alginate shell’s hydrophilic nature, whose
hydroxyl (–OH) and carboxyl (–COOH) groups enable the passage of moisture even though
microcapsules are present on the fabric surface [37].

Figure 6. Water vapor permeability of untreated and N.S. oil microcapsule-treated cotton fabric samples.
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3.5. Antibacterial Analysis

Figure 7 presents the qualitative assessment (AATCC TM 147-2011). While no clear
zone of inhibition was observed around the treated samples, no bacterial growth was
detected on the fabric surface itself. The absence of a zone of inhibition in the qualitative test
(AATCC TM 147-2011), combined with the absence of bacterial growth on the treated fabric
surface in the quantitative test (AATCC TM 100–2019), is characteristic of a contact-based
(non-leaching) antibacterial mechanism. This indicates that the Nigella sativa oil remains
encapsulated within the alginate microcapsules and is not released into the surrounding
environment. Instead, antibacterial activity occurs upon direct contact between the bacteria
and the functionalized fabric surface, where the active agent exerts its effect through
membrane disruption or other contact-dependent mechanisms [38,39]. Since merely visual
observation cannot be a reliable measure of bacteriostatic performance, a numerical analysis
was accordingly conducted to get a quantitative evaluation; consequently, the AATCC TM
100:2019 standard was used to accurately quantify the antibacterial efficacy.

 

Figure 7. Qualitative antibacterial analysis of untreated and N.S. oil microcapsule-functionalized
cotton fabric samples.

Table 2 reports the quantitative antibacterial efficacy of the selected samples in accor-
dance with AATCC 100–2019. The untreated cotton (S0) showed no antibacterial activity.
After mixing with 1.5 g sodium alginate and 2 mL N.S. oil, sample S2 demonstrated a
moderate antibacterial response as S. aureus colony survival was halved. By increasing
the shell material to 4.5 g while keeping the oil concentration unchanged (S4), a marked
antibacterial activity enhancement was obtained, leading to a 60% reduction in bacterial
count. Such a result may be attributed to the formation of a denser microcapsule and better
active oil encapsulation. Sample S6, which contained 4.5 g alginate and 8 mL oil, was
found to be the most effective in antibacterial action, yielding an almost 90% reduction in
CFU. The stronger antibacterial response was due to greater amounts of bioactive oil in
conjunction with a thicker encapsulation layer that allows for stronger bacterial growth
inhibition. Taken together, the data present a dose-dependent increase in antibacterial
effectiveness, indicating that N.S. oil-loaded alginate microcapsules are an attractive option
for functional antimicrobial finishing of cotton textiles.

Table 2. Quantitative antibacterial assessment of some selected N.S. oil microcapsule-functionalized
cotton samples.

Sample Recovered CFUs % Reduction vs. S0 Log10 Reduction Interpretation

S0 (Control) 1.0 × 104 0% 0.00 Baseline

S2 6.0 × 103 50% 0.22 Moderate Activity

S4 3.0 × 103 60% 0.52 Moderate Activity

S6 5.0 × 102 90% 1.30 Strong Activity
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The in vitro antioxidant efficiency (%) observed is summarized in Table 3. The N.S.
oil-treated fabrics showed antioxidant efficiency, while the untreated control sample (S0)
did not exhibit any. Of the treated samples (S1–S6), the fabric loaded with the maximum
amount of oil, 8 mL, and 4.5 g alginate capsules showed a significant increase in antioxidant
performance (86.5%). The antioxidant performance of the N.S. oil-treated fabric is due to the
phenolic, flavonoids, and other bioactive compounds present in the oil, which can neutralize
DPPH free radicals effectively [40–42]. As shown in Figure 8, the DPPH assay works through
a hydrogen transfer mechanism, where the purple DPPH radical (DPPH•) is reduced when it
encounters an antioxidant species (N.S. oil). There are several functional compounds in N.S.
oil, such as thymoquinone as a potent antioxidant. In the process, the antioxidant donates a
hydrogen atom, resulting in the conversion of DPPH• to its non-radical yellow form (DPPH-
H). The antioxidant is converted into a stable radical, the lowering of its reactivity being a
consequence of electron delocalization in its aromatic framework; thus, it does not undergo
further oxidative reactions [43]. The developed cotton samples revealed strong antioxidant
activities which can be applied as potential medical textiles.

Table 3. Antioxidant activity (in vitro assay) of untreated and N.S. oil microcapsule-functionalized
cotton samples.

Sample Absorbance (517 nm) Antioxidant Efficiency (%)

S0 (Control) 2.4214 0.0%

S1 1.8523 23.5%

S2 1.2835 47.0%

S3 0.9928 59.0%

S4 0.6781 72.0%

S5 0.4357 82.0%

S6 0.3268 86.5%

 

Figure 8. Mechanism of DPPH assay for antioxidant analysis of the N.S. oil microcapsule-treated
cotton samples.

4. Limitations and Future Directions
While the present study successfully demonstrates the preparation and antibacterial

efficacy of alginate-based microcapsules containing N.S. oil via the sol–gel method, certain
limitations should be acknowledged.

The microcapsules exhibited a polydisperse size distribution ranging from 12 µm to
112 µm. The distribution was polydisperse, which is characteristic of sol–gel microcapsules
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prepared via conventional emulsification. While this polydisperse nature offered practical
advantages in terms of surface coverage, adhesion, and fabric hand feel, achieving a more
uniform (monodisperse) size distribution could further optimize performance consistency.
Techniques such as microfluidic emulsification, membrane emulsification, or electrospray-
assisted sol–gel processing represent potential approaches for producing capsules with
narrower size distributions in future studies.

The durability of the microcapsules on the fabric surface, particularly their resistance
to repeated washing cycles and mechanical abrasion, was not evaluated in this study. For
functional textiles intended for practical applications, wash durability and abrasion resistance
are critical parameters that influence the longevity and commercial viability of the finish.

The impact of ambient conditions on the stability and performance of microcapsules
has not yet been investigated. For medical textile applications such as bandages and
wound dressings, these factors are critically important, as products may encounter varying
storage temperatures; humidity levels during storage and transportation; pH variations
from wound exudate (typically pH 5.5–8.5, with infected wounds often exhibiting elevated
pH); and potential contamination from bodily fluids or environmental dirt.

5. Conclusions
This study demonstrates the functionalization of cotton fabrics using sodium alginate-

based microcapsules loaded with N.S. oil. The fabrication and textile adhesion of micro-
capsules were confirmed by SEM analysis. The findings show that while increasing the
concentration of microcapsules boosts the functionalization, it also leads to a progressive
decrease in air permeability from about 603 to 343 mm/s. Water vapor transmission results
suggest that microencapsulation causes very low resistance, with the permeability index be-
ing close to 90 even for the most concentrated formulation. Antibacterial tests demonstrated
that microencapsulation effectively conferred strong bioactivity to the treated fabrics. Sam-
ple S6 with the high oil loading (8 mL) displayed the most effective antimicrobial activity
by reducing nearly 90% of CFUs, thus emphasizing the direct correlation between the mi-
crocapsule composition and the fabric’s functional efficacy. Sample S6, incorporated with
the highest loading of N.S. oil and alginate capsules, exhibited the maximum antioxidant
activity of 86.5%. These findings indicate that encapsulating N.S. oil in an alginate shell
allows the effective application onto cotton fabrics, conferring antibacterial and antioxidant
activities without compromising comfort. Consequently, these results form a tangible basis
for manufacturing eco-friendly, functionally durable antimicrobial textiles, thus making
them attractive candidates for healthcare textiles, protective wear, and innovative clothing.
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