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Abstract

Zn(OH),-functionalized cellulose acetate butyrate (CAB) hybrid microcapsules incorporating
Chromolaena odorata extract were prepared and characterized as inorganic—organic hybrid materials.
The microcapsules were fabricated by solvent evaporation followed by in situ precipitation of Zn(OH), on
the microcapsule surface. Structural, morphological, and thermal characteristics were investigated using
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-EDS), particle size analysis, and
thermogravimetric analysis (TGA). Antibacterial activity was evaluated against Escherichia coli and
Staphylococcus aureus using minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) assays. The results demonstrated successful incorporation of Zn(OH), into the
CAB microcapsule system. XRD patterns revealed the presence of zinc-containing phases, while FTIR
spectra indicated changes in the chemical environment of oxygen-containing functional groups following
Zn(OH), incorporation. SEM analysis showed increased surface roughness and particulate coverage
with increasing Zn(OH), content, and EDS confirmed the presence of zinc on the microcapsule surface.
Particle size and thermal analyses further demonstrated that Zn(OH), incorporation influenced the
physicochemical characteristics of the hybrid microcapsules. Among the tested formulations, CAB-Zn-
40 exhibited the strongest antibacterial activity, with MIC values of 12.8 mg mL-" against E. coli and 6.4
mg mL-" against S. aureus. The enhanced antibacterial performance was associated with the presence
of Zn-containing surface domains and encapsulated bioactive constituents. These findings demonstrate
that Zn(OH), incorporation provides an effective strategy for producing CAB-based inorganic—organic
hybrid microcapsules with tunable structural, thermal, and antibacterial properties.

1. Introduction

Cellulose-derived polymers have attracted considerable attention as sustainable materials for the
development of functional hybrid systems because of their renewable origin, processability, and
adaptable physicochemical characteristics [1]. Among these materials, cellulose acetate butyrate (CAB)
is widely recognized as a versatile cellulose ester possessing favorable film-forming ability, tunable
permeability, chemical stability, and compatibility with a broad range of organic and inorganic
components [2]. Owing to these properties, CAB has been employed in encapsulation technologies,
controlled-release systems, protective coatings, and hybrid material formulations designed for
biomedical, environmental, and antimicrobial applications [3]. The ability of CAB to accommodate
functional additives while maintaining structural integrity makes it a suitable matrix for the fabrication of
multifunctional hybrid microcapsules.

In recent years, increasing attention has been directed toward the development of hybrid materials that
combine polymeric matrices with biologically active compounds and inorganic constituents. Such hybrid
systems offer opportunities to integrate multiple functionalities within a single material platform,
including improved stability, enhanced physicochemical performance, and tailored biological activity [4].
The incorporation of natural products into polymer matrices is particularly attractive because plant-
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derived compounds contain diverse secondary metabolites capable of providing antioxidant,
antimicrobial, and therapeutic functions [5]. Encapsulation within polymer-based carriers may further
improve the handling, storage stability, and utilization efficiency of these bioactive substances by
reducing their exposure to external environmental conditions [6, 7].

Among the numerous medicinal plants investigated for material applications, Chromolaena odorata has
emerged as a promising source of bioactive compounds. Extracts obtained from its leaves contain a
variety of phytochemical constituents, including flavonoids, phenolic compounds, tannins, terpenoids,
and other oxygenated organic molecules that have been associated with antibacterial, anti-inflammatory,
antioxidant, and wound-healing activities [8]. These biological properties have stimulated growing
interest in the incorporation of C. odorata extracts into functional materials, coatings, delivery systems,
and antimicrobial formulations [9]. However, direct utilization of crude plant extracts may be limited by
factors such as chemical instability, sensitivity to environmental conditions, volatilization of active
components, and gradual degradation during storage. Consequently, encapsulation strategies have been
increasingly explored to improve the preservation and utilization of plant-derived bioactive compounds
within engineered material systems [10].

Parallel to the growing interest in natural bioactive compounds, inorganic zinc-containing materials have
received considerable attention because of their distinctive physicochemical characteristics and
reported antimicrobial properties [11]. Zinc-based compounds have been incorporated into a wide range
of polymeric and hybrid materials to provide additional functionality while maintaining compatibility with
organic matrices. Among these materials, zinc oxide has been extensively investigated; however, other
zinc-containing phases have also attracted interest because variations in chemical composition,
hydroxyl content, and surface characteristics may influence the structural organization and functional
behavior of hybrid systems [12].

Zinc hydroxide, Zn(OH),, represents an inorganic material containing abundant hydroxyl groups that may
contribute to the formation of hybrid architectures when introduced into organic matrices [13]. The
presence of Zn-containing domains within polymer-based systems may influence particle morphology,
structural organization, thermal behavior, and surface characteristics depending on the preparation
method and inorganic loading level [14]. In addition, zinc-containing materials have frequently been
associated with antibacterial performance, making them attractive candidates for incorporation into
multifunctional hybrid materials designed for biological and environmental applications [15]. The
integration of Zn(OH), into polymeric microcapsules therefore offers an opportunity to combine the
encapsulation capability of organic matrices with the physicochemical contributions of inorganic
components.

The development of inorganic—organic hybrid microcapsules has emerged as an important research
direction because such systems can integrate the advantages of both material classes within a single
structure [16]. In these materials, the organic component commonly serves as a flexible and processable
matrix capable of accommodating functional substances, whereas the inorganic component may
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contribute to structural stability, surface modification, thermal resistance, or functional activity. The
resulting hybrid microstructures often exhibit physicochemical characteristics that differ from those of
their individual constituents, thereby expanding the range of potential applications [17]. For CAB-based
systems, incorporation of inorganic phases may provide an effective route for tailoring morphology,
thermal behavior, and biological performance while preserving the desirable processing characteristics
of the cellulose-derived matrix.

Despite increasing interest in bio-based hybrid materials, limited information is available regarding
Zn(OH),-functionalized CAB microcapsules containing plant-derived bioactive compounds. Previous
studies have generally focused on either antibacterial activities of plant extracts or functional properties
of zinc-containing materials independently, whereas investigations integrating both components within
CAB-based hybrid microcapsules remain relatively scarce [18]. Furthermore, the influence of Zn(OH),
incorporation on the structural characteristics, morphology evolution, thermal behavior, and antibacterial
performance of CAB microcapsules containing C. odorata extract has not been comprehensively
examined. A better understanding of these aspects is important for the rational design of multifunctional
inorganic—organic hybrid materials based on renewable polymer matrices.

Therefore, the present study investigated the preparation of CAB hybrid microcapsules incorporating C.
odorata extract and subsequently functionalized with Zn(OH), through an in situ precipitation approach.
The resulting materials were evaluated using X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM-
EDS), particle size analysis, thermogravimetric analysis (TGA), and antibacterial assays. Particular
emphasis was placed on examining how Zn(OH), incorporation influences the structural characteristics,
chemical structure, morphology evolution, thermal behavior, and antibacterial performance of the
resulting hybrid microcapsules. The study provides insight into the development of CAB-based
inorganic—organic hybrid materials containing both plant-derived bioactive compounds and Zn-
containing domains, thereby contributing to the broader understanding of multifunctional hybrid systems
derived from renewable polymer resources.

2. Materials and Methods
2.1 Materials

All chemicals were analytical grade and used without further purification. Barium chloride dihydrate
(BaCl,-2H,0, = 99.0%) was obtained from Elago Enterprises (Australia). Chloroform (CHCI,, 99.8%) and
ethanol (95%) were purchased from RCI LABSCAN (Thailand), while absolute ethanol (99.9%) was
obtained from Duksan (Korea). Cellulose acetate butyrate (CAB, Mn = 30,000) and dimethyl sulfoxide
(DMSO0, 99.9%) were supplied by VWR (UK). Poly(vinyl alcohol) (PVA, analytical reagent grade) was
obtained from Chem-Supply (Australia), and zinc nitrate hexahydrate (Zn(NO,),6H,0, 98%) was obtained
from Loba Chemie Pvt. Ltd. (India). Sulfuric acid (H,SO,, 98%), sodium chloride (NaCl, 99%), and sodium
hydroxide (NaOH, 99%) were purchased from RCI LABSCAN. Nutrient broth and agar were obtained from
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Himedia (India). All aqueous solutions were prepared using deionized (DI) water with conductivity < 1
pS/cm. Fresh Chromolaena odorata leaves were collected from the vicinity of Uttaradit Rajabhat
University, Uttaradit Province, Thailand. Leaves were washed with DI water, air-dried under sunlight for
24-36 h, and finely chopped before extraction [18].

2.2 Preparation of C. odorata Leaf Extract

Air-dried C. odorata leaves were extracted using 95% ethanol at a solid-to-solvent ratio of 1:10 (w/v)
under ambient conditions (25 + 2°C) for 24 h with intermittent shaking. The mixture was homogenized
and filtered sequentially through muslin cloth and Whatman No. 1 filter paper. The filtrate was
concentrated under reduced pressure at 45°C and subsequently freeze-dried at - 55°C (0.04 mbar) to
obtain dried extract powder. The resulting extract was stored in a desiccator until further use in
microcapsule preparation.

2.3 Preparation of CAB Microcapsules

Cellulose acetate butyrate (CAB) was dissolved in 10 mL of ethyl acetate under magnetic stirring until a
homogeneous solution was obtained. C. odorata extract prepared in Section 2.2 was added and stirred
for 30 min to ensure uniform dispersion within the polymer phase. The organic phase was emulsified
into 50 mL of 1% (w/v) poly(vinyl alcohol) (PVA) solution under stirring at 600 rpm to form an oil-in-water
emulsion. Microcapsules were generated through solvent evaporation during CAB precipitation around
the dispersed extract phase. The resulting suspension was centrifuged at 4,000 rpm for 10 min, washed
three times with DI water, and air-dried at room temperature for 24 h.

2.4 Zn(OH), Surface Modification of CAB Microcapsules

Dried CAB microcapsules (0.5 g) were dispersed in 50 mL of DI water under stirring at room
temperature. Aqueous Zn(NO,), solutions at concentrations of 20—80 mmol/L were introduced to
control Zn precursor concentration. Sodium hydroxide solution (0.1 M) was added dropwise until the
suspension reached approximately pH 9.5 to induce in situ precipitation of Zn(OH), on the microcapsule
surface. The reaction was maintained for 60 min. The resulting products were collected by centrifugation
at 4,000 rpm for 10 min, washed three times with DI water, and dried at 40°C for 24 h. Samples were
designated CAB-Zn-10, CAB-Zn-20, CAB-Zn-30, and CAB-Zn-40 according to Zn precursor
concentration.

2.5 Characterization Methods

X-ray diffraction (XRD; PANalytical X'Pert PRO, Cu Ka radiation, A = 1.5406 A) was employed to examine
crystalline characteristics over a 26 range of 10—-80°. Fourier-transform infrared spectroscopy (FTIR;
Bruker Tensor 27) was used to examine functional groups and chemical interactions within the samples
over the range of 4000—400 cm-". Surface morphology and elemental distribution were evaluated using
scanning electron microscopy coupled with energy-dispersive spectroscopy (SEM-EDS; Hitachi
SU5000). Particle size and Z-potential measurements were performed using a Malvern Zetasizer Nano
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ZS. Thermogravimetric analysis (TGA; Mettler-Toledo TGA/DSC 1) was conducted under nitrogen
atmosphere from 30-800°C at a heating rate of 10°C min-".

2.6 Antibacterial Evaluation

Antibacterial activity was evaluated against Escherichia coli (ATCC 25922) and Staphylococcus aureus
(ATCC 25923). A broth microdilution method based on CLSI guidelines with slight modification for
particulate samples was employed. Bacterial suspensions (approximately 1 x 106 CFU/mL) were
exposed to serial dilutions of CAB—Zn—x microcapsules (x = 20—80 mmol/L Zn precursor) at final
concentrations ranging from 0.8-25.6 mg/mL in 96-well plates. Following incubation at 37°C for 24 h,
minimum inhibitory concentration (MIC) values were determined as the lowest concentration that
prevented visible bacterial growth. Minimum bactericidal concentration (MBC) values were determined
by plating aliquots from growth-inhibited wells onto nutrient agar. All experiments were performed in
triplicate, and results were reported as mean MIC and MBC + SD.

3. Results and Discussion

3.1 Structural Characteristics of Zn(OH),-Functionalized
Hybrid Microcapsules

X-ray diffraction (XRD) analysis was performed to investigate the structural characteristics of Zn(OH),-
functionalized CAB hybrid microcapsules and to evaluate the influence of Zn(OH), incorporation on
phase composition and crystallinity. The diffraction patterns presented in Fig. 1 reveal systematic
changes in structural organization with increasing Zn precursor concentration. Distinct diffraction peaks
observed for CAB-Zn-10 to CAB-Zn-40 at 20 values of approximately 20.09°, 20.81°, 24.98°, 27.11°,
27.65° and 32.73° are consistent with the characteristic reflections of orthorhombic Zn(OH), (JCPDS
No. 01-076-1778) [19]. The appearance of these reflections confirms the successful formation of Zn-
containing crystalline domains within the hybrid microcapsule system.

The diffraction pattern of the unmodified microcapsules (CAB-Zn-0) was dominated by a broad halo,
indicating the predominantly amorphous nature of the CAB matrix and encapsulated phytochemical
constituents. Following Zn(OH), incorporation, additional diffraction features became progressively
more pronounced. At the lowest Zn precursor concentration (CAB-Zn-10), the Zn(OH),-related
reflections were relatively broad and exhibited low intensity, suggesting the presence of limited amounts
of crystalline Zn-containing phases. As the Zn precursor concentration increased from CAB-Zn-20 to
CAB-Zn-40, the diffraction peaks became sharper and more intense, indicating an increase in the
relative crystalline contribution of Zn(OH), within the hybrid microcapsules [20].

The gradual enhancement of diffraction intensity with increasing Zn content suggests progressive
incorporation and deposition of Zn(OH), throughout the microcapsule system. Similar behavior has been
reported in inorganic—organic hybrid materials, where increasing inorganic content contributes to the
development of more distinguishable crystalline features within an otherwise amorphous matrix [21].
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The coexistence of broad amorphous backgrounds and well-defined Zn(OH), reflections indicates that
the resulting materials retained the characteristic amorphous nature of the CAB-based matrix while
simultaneously incorporating crystalline Zn-containing domains.

The observed structural evolution is therefore consistent with the formation of Zn(OH),-functionalized
hybrid microcapsules containing both organic and inorganic structural components. Increasing Zn(OH),
concentration resulted in a greater crystalline contribution from the inorganic phase, leading to
measurable changes in the overall diffraction profile. These findings demonstrate that Zn(OH),
incorporation influenced the structural organization of the hybrid microcapsules and contributed to the
development of an inorganic—organic hybrid material with composition-dependent crystalline
characteristics.

3.2 Chemical Structure and Functional Group Analysis

FTIR spectroscopy was employed to evaluate the chemical structure and functional groups present in
the C. odorata extract, CAB microcapsules, and Zn(OH),-functionalized hybrid microcapsules. The
corresponding spectra are presented in Fig. 2. The crude extract exhibited a broad absorption band
centered at approximately 3317 cm~", which is attributed to O—H stretching vibrations of hydroxyl-
containing phytochemicals. Additional absorption bands observed at 1618, 1512, and 1348 cm~" are
associated with aromatic C = C vibrations and C—N/C-0 stretching modes characteristic of phenolic and
flavonoid-related constituents commonly reported in C. odorata extracts [22, 23].

The spectrum of the unmodified microcapsules (CAB-Zn-0) retained the principal absorption features
of both the CAB matrix and the encapsulated extract. Broad O—H stretching bands in the region of 3400
cm~" and ester carbonyl absorptions within the 1700-1600 cm~" region remained clearly detectable,
indicating that the encapsulation process preserved the major functional groups of the incorporated
bioactive compounds within the polymer matrix [24]. No additional absorption bands were observed
following microcapsule formation, suggesting that encapsulation predominantly involved physical
entrapment of the extract within the CAB matrix together with non-covalent interactions among the
constituent components.

Following Zn(OH), incorporation (CAB-Zn-40), noticeable changes in spectral intensity were observed,
particularly in the O—H stretching and carbonyl-associated regions. In addition, absorption bands
appearing at approximately 715 and 545 cm~" can be assigned to Zn—-0 vibrational modes, indicating the
presence of zinc-containing species within the hybrid microcapsules [25]. The reduction in intensity of
oxygen-containing functional group bands together with the emergence of Zn—0-related absorptions
suggests possible interactions between Zn-containing domains and hydroxyl- or carbonyl-bearing
components present in both the CAB matrix and the encapsulated phytochemicals. These spectral
changes are consistent with the incorporation of an inorganic phase into the organic microcapsule
structure and support the formation of an inorganic—organic hybrid material.
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The overall FTIR results indicate that Zn(OH), incorporation modified the chemical environment of
selected functional groups within the hybrid microcapsules while preserving the fundamental chemical
structure of the CAB matrix and encapsulated extract. The observed spectral variations may be
associated with changes in the distribution and local environment of oxygen-containing functional
groups after Zn(OH), deposition. Such modifications are consistent with the formation of Zn-containing
domains within the hybrid microcapsule architecture and may contribute to subsequent changes in
morphological characteristics, thermal behavior, and antibacterial performance discussed in later
sections.

3.3 Morphological Evolution and Elemental Composition
3.3.1 EDS Analysis

Energy-dispersive X-ray spectroscopy (EDS) was employed to evaluate the elemental composition of the
Zn(OH),-functionalized CAB hybrid microcapsules and to verify the presence of zinc-containing domains
within the hybrid material (Fig. 3). The spectra of all formulations were dominated by carbon (C) and
oxygen (0) signals, which are characteristic of the cellulose acetate butyrate matrix and the
encapsulated plant-derived constituents. Following Zn(OH), incorporation, distinct Zn signals were
observed in the modified samples, confirming the presence of zinc-containing components within the
microcapsule system. These observations are consistent with the established use of EDS for elemental
identification and compositional assessment of hybrid materials [26].

In addition to the major elements, minor signals corresponding to gold (Au) and sodium (Na) were
detected. The Au signal originated from the sputter-coating process used during SEM sample
preparation, whereas the Na signal may be associated with residual precursor species or traces
remaining after the washing procedure. Owing to their low abundance and experimental origin, these
elements were not considered integral components of the hybrid microcapsule structure.

Quantitative EDS analysis revealed a gradual increase in Zn content with increasing precursor
concentration. CAB-Zn-10 and CAB-Zn-20 exhibited relatively low Zn levels (approximately 0.1 wt%),
whereas CAB-Zn-30 and CAB—Zn-40 showed substantially higher Zn contents approaching 0.5 wt%.
The concentration-dependent increase in Zn abundance indicates progressive incorporation of zinc-
containing domains during the precipitation process.

The compositional trend observed by EDS is consistent with the structural and morphological changes
identified by XRD and SEM analyses. As the concentration of the zinc precursor increased, a
corresponding increase in surface-associated Zn-containing domains was observed, suggesting more
extensive incorporation of the inorganic component within the hybrid microcapsule architecture [27]. The
increasing Zn content may contribute to variations in the physicochemical characteristics of the hybrid
material, including thermal behavior and antibacterial performance.
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Overall, EDS analysis confirms successful Zn incorporation into the CAB-based microcapsules and
supports the formation of an inorganic—organic hybrid material. Furthermore, the results demonstrate
that the Zn content can be adjusted through precursor concentration, providing a controllable approach
for tailoring the composition and functional characteristics of the hybrid microcapsule system.

3.3.2 SEM Analysis

Scanning electron microscopy (SEM) was used to investigate the morphological evolution of CAB
microcapsules following Zn(OH), functionalization (Fig. 4). The unmodified sample (CAB-Zn-0)
exhibited predominantly spherical particles with relatively smooth surfaces, indicating successful
microcapsule formation and a comparatively uniform external morphology. No distinct particulate
deposits were observed on the particle surface, suggesting that the morphology was primarily governed
by the polymeric matrix.

Following Zn(OH), incorporation, noticeable changes in surface morphology were observed. CAB-Zn-10
displayed localized surface irregularities together with the appearance of discrete particulate features
distributed across the microcapsule surface. These features suggest the initial formation of Zn-
containing domains associated with the external region of the hybrid microcapsules. Increasing the
precursor concentration to 20 mM resulted in more extensive particulate coverage and a reduction in
surface uniformity, indicating progressive incorporation of the inorganic component within the hybrid
system [28].

More pronounced morphological changes were observed at higher Zn(OH), concentrations. CAB-Zn-30
exhibited densely distributed particulate structures across the microcapsule surface, while CAB-Zn-40
showed extensive surface coverage accompanied by increased roughness and the presence of
aggregated surface features. The gradual increase in particulate density and surface roughness across
the series is consistent with concentration-dependent accumulation of Zn-containing domains on the
microcapsule exterior [29].

The observed morphological evolution corresponds well with the compositional results obtained from
EDS analysis and the structural changes identified by XRD. Together, these findings indicate that
increasing precursor concentration promotes greater incorporation of the inorganic phase and modifies
the external morphology of the hybrid microcapsules. The development of rougher and more
heterogeneous surfaces may increase the exposure of Zn-containing regions and contribute to changes
in the overall physicochemical characteristics of the material [30].

Overall, SEM observations demonstrate that Zn(OH), incorporation significantly influences the
morphology of the CAB microcapsules. The progressive transformation from smooth polymeric particles
to rough, particulate-covered structures supports the formation of inorganic—organic hybrid
microcapsules with composition-dependent structural organization.
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3.4 Particle Size Characteristics of Zn(OH),-Functionalized
Hybrid Microcapsules

Particle-size distribution profiles of C. odorata-loaded CAB microcapsules functionalized with different
Zn(OH), concentrations are presented in Fig. 5, and the corresponding mean particle diameters are
summarized in Table 1. The average particle size increased progressively with increasing Zn precursor
concentration, indicating that Zn(OH), incorporation influenced the dimensional characteristics of the
hybrid microcapsules. Unmodified microcapsules (CAB-Zn-0) exhibited a mean particle diameter of
1013.3 £ 66.5 nm, whereas the highest Zn(OH), loading (CAB-Zn-40) produced microcapsules with an
average diameter of 1275.3 +109.9 nm.

The gradual increase in particle size may be associated with the formation and accumulation of Zn-
containing domains on the microcapsule surface during the precipitation process. Similar increases in
particle dimensions have been reported for inorganic-modified polymeric systems, where deposition of
inorganic species contributes to enlargement of the overall particle structure [31]. Relatively small
changes were observed at lower Zn precursor concentrations, whereas more pronounced increases
occurred at higher precursor levels, suggesting that the extent of Zn(OH), incorporation increased with
precursor availability.

The particle-size distribution profiles further demonstrate that Zn(OH), functionalization affected the
physical characteristics of the microcapsules. The progressive increase in average particle diameter is
consistent with the development of an inorganic—organic hybrid microstructure in which Zn-containing
domains become increasingly associated with the CAB-based microcapsules. This behavior may reflect
increased surface coverage by precipitated Zn(OH), and localized accumulation of inorganic material as
the precursor concentration increased. Similar trends have been observed in precipitation-mediated
hybrid material systems, where higher precursor loading promotes greater incorporation of inorganic
components into polymer-based matrices [32].

The observed dimensional changes are also consistent with the morphological features identified by
SEM analysis, which revealed increasing surface roughness and the presence of inorganic deposits with
increasing Zn(OH), concentration. Collectively, the particle-size and morphological data suggest
successful incorporation of Zn(OH), into the CAB microcapsule system, resulting in the formation of
hybrid microcapsules with modified physicochemical characteristics.
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Table 1

Particle size and thermal degradation characteristics of Zn(OH),-functionalized CAB hybrid
microcapsules prepared with different Zn precursor concentrations. Variations in particle dimensions
and thermal degradation parameters indicate that Zn(OH), incorporation influenced the physicochemical
characteristics of the hybrid microcapsule system.

Sample Mean Particle Initial Onset Final Onset Weight Loss
Size (nm) Temperature (°C) Temperature (°C) (%)

CAB-Zn-  1013.3+66.5 336.7 385.3 85.90

0

CAB-Zn-  1049.5+74.5 252.6 368.8 48.94

10

CAB-Zn-  1159.8+58.8 292.8 371.2 37.57

20

CAB-Zn-  1202.5+82.8 274.4 371.3 28.33

30

CAB-Zn-  1275.3+109.9 287.0 367.8 28.05

40

3.5 Thermal Behavior of Hybrid Microcapsules

Thermogravimetric analysis was performed to evaluate the influence of Zn(OH), incorporation on the
thermal behavior of CAB-based hybrid microcapsules. The corresponding thermograms and degradation
parameters are presented in Fig. 6 and Table 1. All formulations exhibited a major degradation region
within the temperature range of approximately 250-400°C, which is primarily associated with
decomposition of the CAB matrix together with degradation of encapsulated phytochemical
constituents.

The uncoated formulation (CAB-Zn-0) exhibited the highest overall mass loss (85.90%) and an onset
degradation temperature of 336.7°C. Following incorporation of Zn(OH),, progressive reductions in total
mass loss were observed. CAB-Zn-10 showed a lower onset degradation temperature (252.6°C), while
the corresponding decrease in weight loss to 48.94% suggests that the presence of Zn-containing
domains influenced the thermal decomposition behavior of the hybrid microcapsules. Further increases
in Zn(OH), content resulted in additional reductions in mass loss, reaching 37.57%, 28.33%, and 28.05%
for CAB-Zn-20, CAB-Zn-30, and CAB-Zn-40, respectively. In addition, CAB-Zn-40 exhibited an onset
degradation temperature of 287.0°C, indicating changes in thermal response with increasing Zn(OH),
incorporation.

The concentration-dependent decrease in mass loss demonstrates that incorporation of Zn(OH),
modified the thermal degradation characteristics of the hybrid microcapsules [33]. The presence of
inorganic Zn-containing domains may contribute to changes in decomposition behavior by altering heat
transfer processes and influencing the distribution of thermally labile components within the hybrid
structure [34]. The progressively lower mass losses observed with increasing Zn(OH), content are
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consistent with the increasing proportion of thermally stable inorganic material remaining after thermal
treatment. Similar behavior has been reported in zinc-containing hybrid systems, where inorganic phases
contributed to enhanced residual mass and modified degradation profiles during thermal analysis.

The thermal behavior observed in this study is also consistent with the structural and morphological
characteristics identified by XRD and SEM analyses. The formation of Zn-containing domains on the
microcapsule surface, together with changes in crystalline features, suggests the development of an
inorganic—organic hybrid microstructure that may influence thermal decomposition pathways. Although
the precise mechanisms cannot be established from the present data, the combined characterization
results indicate that Zn(OH), incorporation contributed to measurable changes in the thermal stability
and degradation characteristics of the CAB-based hybrid microcapsules.

Overall, the TGA results demonstrate that increasing Zn(OH), content altered the thermal behavior of the
microcapsules and reduced the extent of mass loss during thermal degradation. These findings support
the role of Zn(OH), as an important inorganic component within the hybrid system and highlight its
contribution to the physicochemical characteristics of the resulting inorganic—organic hybrid
microcapsules.

3.6 Antibacterial Activity of Zn(OH),-Functionalized Hybrid
Microcapsules

The antibacterial activity of Zn(OH),-functionalized CAB hybrid microcapsules incorporating
Chromolaena odorata extract was evaluated against Escherichia coli and Staphylococcus aureus using
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) assays. The
results demonstrated that antibacterial performance varied according to Zn(OH), loading, indicating that
incorporation of Zn-containing domains influenced the biological response of the hybrid microcapsules.
As summarized in Table 2, antibacterial activity was dependent on microcapsule composition and did
not increase strictly in proportion to Zn(OH), content, suggesting that both inorganic incorporation and
microcapsule characteristics contributed to the observed antibacterial behavior.

3.6.1 Minimum Inhibitory Concentration (MIC)

The MIC values of the hybrid microcapsules are presented in Fig. 7. A gradual decrease in MIC was
observed with increasing Zn(OH), loading, with CAB-Zn-40 exhibiting the strongest inhibitory activity
against both bacterial strains. The lowest MIC values were 12.8 mg/mL for E. coli and 6.4 mg/mL for S.
aureus. In contrast, formulations containing lower amounts of Zn(OH), generally required higher
concentrations to suppress bacterial growth.

Differences in bacterial susceptibility were evident throughout the study. For most formulations, S.
aureus exhibited lower MIC values than E. coli, indicating greater sensitivity to the hybrid microcapsules.
This observation may be associated with differences in cell envelope architecture between Gram-
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positive and Gram-negative bacteria. The additional outer membrane present in Gram-negative bacteria
may reduce accessibility of external antimicrobial agents and thereby contribute to lower susceptibility
[35].

The progressive reduction in MIC values with increasing Zn(OH), loading suggests that incorporation of
Zn-containing domains influenced the antibacterial characteristics of the hybrid microcapsules. The
improved inhibitory performance observed in CAB-Zn-30 and CAB-Zn—-40 may be associated with
increased availability of surface Zn species and modifications in microcapsule surface characteristics
[36]. However, MIC measurements alone do not provide direct evidence regarding the underlying
antibacterial mechanism, and therefore only indicate concentration-dependent inhibitory activity.

3.6.2 Minimum Bactericidal Concentration (MBC)

The MBC values of the hybrid microcapsules are summarized in Table 2, while representative bacterial
growth patterns are shown in Fig. 8. Overall, the bactericidal response followed a trend similar to that
observed for MIC. CAB-Zn-40 exhibited the strongest bactericidal performance, with MBC values of
12.8 mg/mL against E. coli and 6.4 mg/mL against S. aureus. Formulations containing lower Zn(OH),
loadings generally required higher concentrations to achieve complete bacterial inactivation.

Interestingly, CAB—Zn—-10 and CAB—-Zn-20 exhibited higher MBC values against E. coli than CAB-Zn-0,
indicating that partial incorporation of Zn(OH), did not necessarily result in enhanced bactericidal
performance. This behavior suggests that antibacterial efficacy was influenced by multiple factors
related to hybrid microcapsule composition rather than solely by the amount of inorganic material
present. Variations in the distribution and accessibility of Zn-containing domains within the hybrid
structure may have contributed to these differences [37].

Among all formulations, CAB-Zn-30 and CAB-Zn-40 demonstrated substantially improved bactericidal
activity, particularly against S. aureus, where MBC values decreased to 12.8 and 6.4 mg/mL, respectively.
The consistently lower MBC values observed for S. aureus compared with E. coli were in agreement with
the MIC results and further support the greater susceptibility of the Gram-positive bacterium toward the
tested hybrid microcapsules.

The enhanced bactericidal performance observed at higher Zn(OH), loadings may be associated with
the combined presence of Zn-containing domains and bioactive phytochemical constituents originating
from C. odorata extract [38]. Previous studies have reported antibacterial activity for zinc-based
materials and phytochemical compounds derived from medicinal plants [15]. Nevertheless, the present
study did not directly evaluate ion-release behavior, reactive oxygen species generation, membrane
damage, or other antibacterial pathways. Therefore, any contribution of these factors should be
considered a possible explanation rather than a confirmed mechanism.

Overall, the antibacterial results demonstrate that incorporation of Zn(OH), influenced the antibacterial
performance of CAB-based hybrid microcapsules. The concentration-dependent reduction in MIC and
MBC values, particularly for CAB—-Zn-30 and CAB-Zn-40, indicates that Zn(OH), loading played an
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important role in determining biological activity. The observed variations among formulations further
suggest that optimization of inorganic content is necessary to achieve effective antibacterial
performance in this inorganic—organic hybrid microcapsule system.

Table 2

Minimum bactericidal concentration (MBC) values of CAB microcapsules
against E. coli and S. aureus. Differences in MBC values among formulations
indicate variations in antibacterial activity associated with changes in
microcapsule composition and Zn(OH), content.

Microcapsule Type  MBC (E. coli) (mg/mL) MBC (S. aureus) (mg/mL)
CAB-Zn-0 25.6 25.6

CAB-Zn-10 51.2 51.2

CAB-Zn-20 51.2 25.6

CAB-Zn-30 25.6 12.8

CAB-Zn-40 12.8 6.4

3.7 Proposed Hybrid Material Formation

Based on the combined XRD, FTIR, SEM, EDS, particle size, and antibacterial results, a conceptual model
for the formation of the Zn(OH),-functionalized CAB hybrid microcapsules is proposed, as illustrated in
Fig. 9. The model suggests that the hybrid microcapsules possess a core—shell architecture (Fig. 9a)
consisting of a cellulose acetate butyrate (CAB) matrix that encapsulates Chromolaena odorata extract
within the interior region (Fig. 9b,d), while Zn(OH),-rich domains are distributed over the external surface
of the microcapsules (Fig. 9c). This structural arrangement is consistent with the fabrication process, in
which CAB-based microcapsules were initially formed and subsequently modified through Zn(OH),
deposition [39].

The proposed hybrid structure is supported by the physicochemical characterization results. XRD
analysis revealed the appearance and increased intensity of diffraction features associated with zinc-
containing phases, indicating successful incorporation of Zn(OH), into the microcapsule system [40]. In
addition, FTIR spectra showed variations in characteristic absorption bands of CAB and extract-derived
functional groups, suggesting changes in the local chemical environment after Zn(OH), deposition [41].
As illustrated in Fig. 9e, these changes may be associated with physical interactions involving hydroxyl,
carbonyl, and other oxygen-containing groups within the hybrid structure. However, the available
evidence does not allow definitive identification of specific bonding mechanisms.

Morphological observations further support the proposed architecture. SEM images showed that
Zn(OH), incorporation increased surface roughness and particulate coverage, while EDS analysis
confirmed the presence of zinc on the microcapsule surface [42)]. These findings are consistent with the
formation of surface-associated Zn(OH), domains (Fig. 9¢), resulting in a heterogeneous inorganic—
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organic hybrid structure. The proposed model may also explain the observed changes in particle size,
thermal behavior, and antibacterial performance. Increasing Zn(OH), content could contribute to larger
particle dimensions and modified thermal stability while providing additional Zn-containing surface
regions that may participate in antibacterial activity [43]. Although the antibacterial mechanism was not
directly investigated, the enhanced activity of the Zn(OH),-functionalized formulations may be
associated with the combined effects of the surface-deposited Zn(OH), domains and the bioactive
phytochemical constituents retained within the encapsulated C. odorata extract.

Overall, the available experimental evidence supports the formation of an inorganic—organic hybrid
microcapsule system in which CAB serves as the structural matrix, C. odorata extract functions as the
bioactive component, and Zn(OH), provides inorganic surface functionality, collectively contributing to
the physicochemical and antibacterial characteristics of the hybrid microcapsules.

4. Conclusions

Zn(OH),-functionalized cellulose acetate butyrate (CAB) hybrid microcapsules incorporating
Chromolaena odorata extract were successfully prepared and evaluated as inorganic—organic hybrid
materials. The incorporation of Zn(OH), produced concentration-dependent changes in the structural,
morphological, thermal, and antibacterial characteristics of the microcapsule system. Combined XRD,
FTIR, SEM-EDS, particle size, and TGA analyses demonstrated that the presence of Zn-containing
domains influenced the structural organization, surface morphology, particle characteristics, and thermal
behavior of the hybrid microcapsules. The observed changes are consistent with the formation of a
heterogeneous inorganic—organic hybrid architecture in which Zn(OH), was incorporated into the CAB-
based microcapsule system.

Structural characterization revealed progressive modification of microcapsule morphology and surface
features with increasing Zn(OH), content, while FTIR and XRD analyses suggested the coexistence of
organic and inorganic components within the hybrid material. Thermal analysis further indicated that
Zn(OH), incorporation altered the degradation behavior of the microcapsules, demonstrating that
inorganic incorporation contributed to changes in the physicochemical characteristics of the system.
These findings collectively show that Zn(OH), incorporation can serve as an effective approach for
tailoring the structural and thermal properties of CAB-based hybrid microcapsules.

Variations in structural and thermal characteristics were accompanied by changes in antibacterial
performance. Among the investigated formulations, CAB—Zn—-40 exhibited the strongest antibacterial
activity against Escherichia coli and Staphylococcus aureus. The enhanced antibacterial response may be
associated with concentration-dependent changes in surface morphology, the presence of Zn-containing
domains, and possible interactions between inorganic and phytochemical components within the hybrid
microcapsules. However, the precise antibacterial mechanisms were not directly investigated and
therefore require further study.
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Overall, the present work demonstrates that Zn(OH), incorporation provides a practical strategy for
producing CAB-based inorganic—organic hybrid microcapsules with tunable physicochemical and
antibacterial properties. The findings contribute to the understanding of Zn-containing hybrid materials
derived from bio-based polymer systems and support their potential for future functional material
applications. Future investigations should focus on release behavior, long-term stability, biodegradation
characteristics, biocompatibility, and application-specific performance to further define the capabilities
and limitations of these hybrid materials.
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XRD patterns of CAB microcapsules coated with increasing concentrations of Zn(OH),. Changes in
diffraction features with increasing Zn(OH), content indicate the presence of zinc-containing phases and
alterations in structural organization within the microcapsule system.
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FTIR spectra of (a) crude C. odorata extract, (b) unmodified microcapsules (CAB-Zn-0), and (c) Zn(OH),
functionalized microcapsules (CAB-Zn-40). Variations in absorption bands indicate changes in the
chemical environment of functional groups following Zn(OH), incorporation and support the formation

of an inorganic—organic hybrid microcapsule system.
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EDS spectra of Zn(OH),-coated C. odoratamicrocapsules. Detected elements include carbon (C), oxygen
(0), and zinc (Zn), while gold (Au) originates from sputter coating. The presence of Zn signals indicates

incorporation of zinc-containing components into the microcapsule system.
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Figure 4

SEM micrographs showing the surface morphology of CAB microcapsules coated with increasing
Zn(OH), concentrations: (a) CAB-Zn-0 (uncoated), (b) CAB-Zn-10, (c) CAB-Zn-20, (d) CAB-Zn-30,
and (e) CAB-Zn-40. Changes in surface morphology and particle coverage with increasing Zn(OH),
concentration suggest modification of microstructural characteristics.

Page 22/26



100

90 r —CAB-Zn-0
80 r —CAB-Zn-10
70 ——CAB-Zn-20
60 F —CAB-Zn-30

—CAB-Zn-40

40 |
30 |
20
10 t

Frequency (%)
u-|
=

0.5 0.7 0.9 1.1 13 1.5 1.7 1.9
Diameter (pm)

Figure 5

Particle size distribution profiles of CAB microcapsules coated with increasing Zn(OH), concentrations.
Variations in particle size distribution indicate that Zn(OH), incorporation influenced microcapsule
dimensions and dispersion characteristics.
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Figure 6

TGA thermograms of CAB microcapsules with and without Zn(OH), coatings. Differences in thermal
degradation behavior among formulations suggest that Zn(OH), incorporation influenced thermal
stability and decomposition characteristics.

Figure 7

Minimum inhibitory concentration (MIC) values for CAB microcapsules with varying Zn(OH),
concentrations against E. coliand S. aureus. Differences in MIC values indicate that antibacterial activity
varied with microcapsule composition and Zn(OH), content.
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Figure 8

Representative spread plate images showing the antibacterial response of Zn(OH),-coated
microcapsules against S. aureus. Reduced colony formation at selected concentrations is consistent
with antibacterial activity observed in MIC and MBC measurements.
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Figure 9

Proposed structural model of Zn(OH),-functionalized CAB hybrid microcapsules: (a) overall core-shell
architecture of the hybrid microcapsule; (b) cross-sectional view showing the encapsulated Chromolaena
odorata extract within the CAB matrix; (c) enlarged view of surface-associated Zn(OH), domains; (d)
schematic representation of the bioactive extract entrapped in the microcapsule interior; and (e)
representative CAB structure illustrating possible physicochemical interactions within the hybrid system.
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