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Abstract
This study presents a green valorization route for Chromolaena odorata biomass through the development of
sustainable cellulose acetate butyrate–zinc hydroxide (CAB–Zn(OH)2) hybrid microcapsules for controlled
antibacterial release. The process integrates renewable plant feedstock and a biodegradable cellulose-
derived polymer using an eco-friendly solvent evaporation method, followed by in situ precipitation of
Zn(OH)2 under mild aqueous conditions. Structural, morphological, and thermal analyses confirmed the
successful formation of Zn(OH)2-coated CAB microcapsules with improved crystallinity, surface roughness,
and thermal stability. Antibacterial activity was evaluated against Escherichia coli and Staphylococcus aureus,
revealing that the CAB–Zn–40 formulation exhibited the strongest performance, with minimum inhibitory
concentrations of 12.8 mg/mL and 6.4 mg/mL, respectively. The enhanced antibacterial efficacy arises from
synergistic interactions between phytochemical constituents of C. odorata extract and the sustained release
of Zn2+ ions, inducing oxidative stress and membrane disruption. This biorefinery-oriented approach
demonstrates the conversion of invasive plant biomass into high-value, multifunctional antibacterial
materials. The findings highlight a sustainable and scalable pathway for producing bio-based functional
composites applicable to wound care, infection-resistant coatings, and active packaging, advancing the
principles of circular bioeconomy and environmentally responsible material design.

1. Introduction
The sustainable conversion of renewable biomass into value-added materials has become a central objective
in modern biorefinery systems, addressing both resource efficiency and environmental protection. Invasive or
underutilized plant species offer abundant, low-cost feedstocks for the production of functional bioproducts
within a circular bioeconomy framework [1]. Among the most pressing societal challenges is the growing
threat of antimicrobial resistance, which has intensified the search for antibacterial materials that are both
effective and environmentally responsible. Conventional synthetic antimicrobials and polymer-based agents
often persist in ecosystems, leading to long-term pollution and biological accumulation. As a result, recent
research has increasingly emphasized the valorization of biomass into biodegradable polymer systems that
incorporate natural antimicrobial agents, achieving safe, long-lasting, and eco-friendly functionality [2, 3].

Plant-derived antimicrobial compounds have emerged as promising alternatives due to their broad-spectrum
activity, biocompatibility, and compliance with green chemistry principles. Extracts rich in polyphenols,
alkaloids, tannins, and flavonoids exhibit potent antibacterial and antioxidant properties, offering a
sustainable pathway for biomass valorization into high-value functional agents. Among these, Chromolaena
odorata (Siam weed), a rapidly spreading invasive biomass in tropical regions, represents a renewable
feedstock suitable for biorefinery applications [4]. Its leaf extract demonstrates significant antibacterial, anti-
inflammatory, and wound-healing potential [5]. However, the direct use of such crude extracts limits practical
deployment because of their chemical instability, rapid degradation, and lack of controlled release—
constraints that reduce long-term efficacy in biomedical and environmental systems [6, 7].

Microencapsulation offers a reliable means of converting plant-derived extracts into stable, controllable
delivery systems, protecting sensitive phytochemicals and enabling sustained release [8]. Cellulose acetate
butyrate (CAB), derived from lignocellulosic biomass, represents an ideal polymer platform for such
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conversion, owing to its tunable permeability, compatibility with natural compounds, and environmental
degradability [9]. The integration of CAB into this system aligns with biorefinery strategies for replacing
petroleum-based polymers with bio-based, degradable alternatives that reduce waste and environmental
burden.

To enhance antibacterial performance, surface functionalization with inorganic agents such as zinc
compounds can provide synergistic activity. Zinc-based materials are particularly relevant to sustainable
material design because of their natural abundance, biocompatibility, and role in biological systems. While
zinc oxide (ZnO) nanoparticles have been extensively used, their rapid ion release and potential cytotoxicity
raise ecological concerns [10]. In contrast, zinc hydroxide (Zn(OH)2) provides a controlled Zn2+ ion release

mechanism that ensures prolonged antibacterial action with reduced toxicity [11]. Nonetheless, integrating
Zn(OH)2 coatings with bio-based polymers and plant-derived antimicrobials within a biomass valorization
framework remains underexplored.

In this context, the present study contributes to the biorefinery field by demonstrating a green valorization
route for C. odorata biomass, wherein leaf extract is encapsulated within CAB microcapsules and
subsequently coated with Zn(OH)2 via in situ precipitation. This approach merges renewable biomass
resources, biodegradable polymer matrices, and eco-benign inorganic coatings to generate multifunctional
antibacterial materials. The influence of Zn(OH)2 concentration on the structural, thermal, and antibacterial
properties of the resulting hybrids is systematically examined through comprehensive physicochemical
characterization. Overall, this work provides a sustainable conversion strategy for transforming invasive
biomass into high-value antibacterial materials, advancing the design of environmentally responsible
composites for wound care, active packaging, and biorefinery-driven applications.

2. Materials and Biomass Conversion Methods

2.1 Materials
All chemicals used were of analytical grade and employed without further purification. Barium chloride
dihydrate (BaCl2·2H2O, ≥ 99.0%) was obtained from Elago Enterprises (Australia). Chloroform (CHCl3, 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 (DMSO,
99.9%) were sourced from VWR (UK). Poly(vinyl alcohol) (PVA, analytical reagent grade) was procured from
Chem-Supply (Australia), and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%) from Loba Chemie Pvt. Ltd.

(India). Additional chemicals, including sulfuric acid (H2SO4, 98%), sodium chloride (NaCl, 99%), and sodium
hydroxide (NaOH, 99%), were obtained from RCI LABSCAN. Nutrient broth and agar were supplied by Himedia
(India). All aqueous solutions were prepared using deionized (DI) water with a conductivity of < 1 µS/cm.

Fresh Chromolaena odorata (Siam weed) leaves were collected from the vicinity of Uttaradit Rajabhat
University, Uttaradit Province, Thailand. Leaves were thoroughly washed with DI water to remove debris and
microorganisms, air-dried under sunlight for 24–36 hours until fully dehydrated, and then finely chopped to
maximize surface area for solvent extraction [12].
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2.2 Preparation of C. odorata Leaf Extract
Extraction of bioactive compounds from Chromolaena odorata biomass was performed as the initial
valorization step in the biorefinery-inspired process. Air-dried leaves were used as lignocellulosic feedstock
and extracted with 95% ethanol at a 1:10 (w/v) ratio under ambient conditions (25 ± 2°C) for 24 h with
intermittent shaking. The mixture was homogenized, filtered through muslin cloth, and vacuum-filtered using
Whatman No. 1 paper.

The filtrate was concentrated under reduced pressure at 45°C and freeze-dried at − 55°C (0.04 mbar) to
obtain a stable green powder, rich in polyphenols, alkaloids, and flavonoids with known antibacterial and
antioxidant activity [12]. The dried extract was stored in a desiccator and used as the core bioactive
component for microencapsulation.

This green ethanol-based extraction provides an eco-efficient route for converting low-value invasive biomass
into a high-value bioactive intermediate, consistent with the principles of circular bioeconomy and
sustainable biorefinery processing.

2.3 Preparation of CAB-Based Microcapsules
CAB-based microcapsules were fabricated as the core conversion step for integrating biomass-derived
extract with a renewable polymer matrix. The process followed green chemistry and biorefinery principles,
emphasizing biodegradable materials and low-energy solvent processing.

Cellulose acetate butyrate (CAB) was dissolved in 10 mL of ethyl acetate under magnetic stirring to form a
homogeneous solution. The C. odorata leaf extract (Section 2.2) was added and stirred for 30 min to ensure
uniform dispersion. The organic phase was then emulsified into 50 mL of 1% (w/v) poly(vinyl alcohol) (PVA)
solution under moderate stirring (600 rpm) to produce a stable oil-in-water emulsion.

Microcapsules formed via solvent evaporation as CAB precipitated around the encapsulated extract. The
suspension was centrifuged at 4,000 rpm for 10 min, washed three times with deionized water, and air-dried
at room temperature for 24 h to obtain CAB–C. odorata core microcapsules.

This step converts biomass-derived phytochemicals into a stable, biodegradable delivery system and
represents a scalable, eco-friendly approach to producing bio-based functional materials for subsequent
Zn(OH)2 surface modification.

2.4 Surface Coating with Zinc Hydroxide
Surface coating of CAB-based microcapsules with Zn(OH)2 was performed as the final functionalization step
in the biomass-to-bioproduct conversion process. The procedure introduced inorganic antibacterial
functionality through a mild, aqueous precipitation route consistent with green biorefinery principles.

Dried CAB–C. odorata microcapsules (0.5 g) were dispersed in 50 mL of deionized water under stirring at
room temperature. Aqueous Zn(NO3)2 solutions (20–80 mmol/L) were added to control Zn(OH)2 loading.
Sodium hydroxide (0.1 M) was added dropwise until pH ≈ 9.5 to initiate in situ precipitation of Zn(OH)2 on the
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microcapsule surfaces. The reaction proceeded for 60 min, followed by centrifugation (4,000 rpm, 10 min),
triple washing with deionized water, and drying at 40°C for 24 h.

The hybrid samples were labeled CAB–Zn–20, CAB–Zn–40, CAB–Zn–60, and CAB–Zn–80. This eco-safe
coating process avoids high temperatures and organic solvents, minimizing energy input and waste
generation. The controlled Zn(OH)2 deposition enhances surface activity and antibacterial performance,
representing a sustainable hybridization stage within the biomass valorization framework.

2.5 Characterization of Microcapsules
Physicochemical characterization was performed to verify the structural integrity and functional properties of
the biomass-derived hybrid microcapsules. Analytical techniques were selected to evaluate each stage of the
biorefinery-inspired process, from biomass encapsulation to Zn(OH)2 surface coating. Fourier-transform
infrared spectroscopy (FTIR, Bruker Tensor 27) identified functional groups and chemical interactions among
C. odorata phytochemicals, CAB, and Zn(OH)2 within 4000–400 cm⁻1. X-ray diffraction (XRD, PANalytical
X’Pert PRO, Cu Kα, λ = 1.5406 Å) confirmed crystalline phase formation and Zn(OH)2 incorporation, scanned

at 2θ = 10°–80°. Thermogravimetric analysis (TGA, Mettler-Toledo TGA/DSC 1) assessed thermal stability
under nitrogen (30–800°C, 10°C min⁻¹), with enhanced stability indicating successful hybridization. Scanning
electron microscopy (SEM, Hitachi SU5000) with EDS mapping revealed surface morphology and uniform Zn
distribution. Particle size and ζ-potential (Malvern Zetasizer Nano ZS) were measured to evaluate suspension
stability. Collectively, these analyses confirm the efficiency of the biomass-to-bioproduct conversion,
demonstrating improved material stability and structure–property correlation essential for sustainable
antibacterial composites in biorefinery applications.

2.6 Evaluation of antibacterial properties
The antibacterial activity of biomass-derived CAB–Zn(OH)2 hybrid microcapsules was evaluated to verify
their performance as sustainable bio-based materials. Tests were conducted against Escherichia coli (ATCC
25922) and Staphylococcus aureus (ATCC 25923), representing Gram-negative and Gram-positive bacteria
relevant to biomedical and environmental applications.

A broth microdilution method following CLSI guidelines was used with slight modification for particulate
samples. Bacterial suspensions (≈ 1 × 106 CFU/mL) were exposed to serial dilutions of CAB–Zn–x
microcapsules (x = 20–80 mmol/L Zn precursor) at final concentrations of 0.8–25.6 mg/mL in 96-well plates.
After incubation at 37°C for 24 h, the minimum inhibitory concentration (MIC) was identified as the lowest
concentration preventing visible growth. Minimum bactericidal concentration (MBC) values were confirmed
by plating aliquots from growth-inhibited wells on nutrient agar.

All measurements were performed in triplicate, and antibacterial efficiency was expressed as mean MIC and
MBC ± SD. The results validated synergistic antibacterial effects between biomass-derived phytochemicals
and Zn(OH)2 coating, linking hybrid composition to functional bioactivity. This evaluation confirms the
conversion of renewable biomass into eco-efficient antibacterial composites aligned with biorefinery and
circular economy principles.
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3. Results and Discussion

3.1 Extraction of Chromolaena odorata Leaves and
Microcapsule Appearance
The extraction and preparation of Chromolaena odorata (Siam weed) leaf extract are illustrated in Fig. 1.
Freshly harvested leaves (Fig. 1a) were thoroughly washed, air-dried under ambient conditions (Fig. 1b), and
finely chopped to enhance solvent penetration during extraction. Ethanol was selected as the extraction
solvent due to its intermediate polarity and effectiveness in solubilizing a wide range of phytochemicals,
including flavonoids, alkaloids, tannins, and chlorophyll—compounds known for their antimicrobial and
antioxidant activities [13]. After rotary evaporation to remove ethanol, the concentrated extract was freeze-
dried to yield a stable dark green powder (Fig. 1c), which was used as the core bioactive agent for
microencapsulation. This step demonstrates the valorization of C. odorata leaf biomass into extractives
containing bioactive phytochemicals, representing a value-added route for invasive plant utilization.

The visual appearance of the resulting microcapsules, prepared using CAB and surface-functionalized with
varying concentrations of Zn(OH)2, is shown in Fig. 2. The uncoated microcapsules (CAB-Zn-0; Fig. 2a)
exhibited a deep green color, indicating the presence of exposed extract on the particle surface. With
increasing Zn(OH)2 precursor concentrations from 10 to 40 mM (Figs. 2b–2e), the microcapsules displayed
progressively lighter and more uniform coloration, suggesting enhanced surface coverage by the deposited
Zn(OH)2 layer [11].

This change in visual appearance corresponds to structural modifications confirmed by FTIR and SEM
analyses (discussed in subsequent sections), which verify successful Zn(OH)2 precipitation and surface
coating. The Zn(OH)2 layer serves a dual function: (i) protecting encapsulated phytochemicals from

premature degradation [14] and (ii) enabling controlled release of Zn2+ ions, which enhance antibacterial
efficacy through mechanisms such as membrane disruption and reactive oxygen species (ROS) generation
[15].

These findings establish a direct correlation between Zn(OH)2 concentration and microcapsule structural
attributes, supporting the formulation’s potential as a controlled-release antimicrobial platform for biomedical
coatings, wound care, and food-contact materials.

3.2 Characterization of microcapsules

3.2.1 XRD Analysis
X-ray diffraction (XRD) was used to assess the crystalline phases of Zn(OH)2-coated C. odorata
microcapsules (Fig. 3). Distinct peaks observed in CAB-Zn-10 to CAB-Zn-40 matched orthorhombic Zn(OH)2

(JCPDS No. 01-076-1778), with characteristic reflections at 2θ = 20.09°, 20.81°, 24.98°, 27.11°, 27.65°, and
32.73° [16]. Increasing precursor concentration led to sharper, more intense peaks, indicating progressive
crystallization.
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CAB-Zn-10 showed broad, low-intensity peaks superimposed on an amorphous background, while CAB-Zn-40
exhibited well-defined diffraction patterns, confirming surface deposition of highly crystalline Zn(OH)2.

Enhanced crystallinity correlates with improved Zn2+ ion release control and stability—key for antimicrobial
efficacy via membrane disruption, ROS generation, and enzyme inhibition [17]. These findings reinforce that
higher Zn(OH)2 loading improves both structural integrity and sustained antibacterial performance [18],
making CAB-Zn-40 a promising candidate for biomedical and packaging applications.

3.2.2 FTIR Analysis
FTIR spectroscopy was used to investigate molecular interactions between C. odorata extract, the CAB
matrix, and Zn(OH)2 coating (Fig. 4). The crude extract exhibited a broad O–H stretch at 3317 cm⁻1 and

prominent peaks at 1618, 1512, and 1348 cm⁻1, consistent with phenolic O–H, aromatic C = C, and C–N/C–O
vibrations from bioactive phytochemicals [19, 20].

Uncoated microcapsules (CAB-Zn-0) retained key spectral features from both the extract and CAB, including
O–H stretching (~ 3400 cm⁻1) and ester C = O stretching (~ 1700–1600 cm⁻1), suggesting successful
encapsulation and non-covalent interactions [21].

In Zn(OH)2-coated microcapsules (CAB-Zn-40), attenuation of O–H and C = O bands, along with the

appearance of Zn–O vibrations at 715 and 545 cm⁻1, indicate coordination between Zn2+ ions and electron-
donating groups in the extract [22]. These shifts suggest chemical interaction rather than mere surface
adsorption.

Such coordination is expected to enhance Zn2+ retention and modulate release kinetics while stabilizing
encapsulated actives. This supports a dual-action antimicrobial mechanism: rapid bacteriostasis from
phytochemicals and sustained oxidative and enzymatic stress from Zn2+ ions—highlighting the system’s
potential for wound healing, antimicrobial coatings, and active packaging.

3.2.3 EDS Analysis
Energy-dispersive X-ray spectroscopy (EDS) was utilized to evaluate the surface elemental composition of
Zn(OH)2-coated C. odorata microcapsules. Representative spectra are shown in Fig. 5. Prominent peaks
corresponding to carbon (C) and oxygen (O) were detected across all samples, originating from the CAB
polymer matrix and plant-derived phytochemicals. The presence of zinc (Zn) in the coated formulations
confirmed the successful deposition of Zn(OH)2 onto the microcapsule surfaces.

Minor peaks for gold (Au) and sodium (Na) were also observed. Gold was introduced during the sputter-
coating process used for SEM preparation, while sodium likely originated from trace residuals of precursor
salts or buffer systems. Importantly, Zn was the only metal with recognized antimicrobial functionality,
validating its selective incorporation [23].

Quantitative EDS analysis revealed a clear, concentration-dependent increase in surface Zn content. Both
CAB-Zn-10 and CAB-Zn-20 exhibited low zinc content (~ 0.1 wt%), while CAB-Zn-30 and CAB-Zn-40
demonstrated substantially higher Zn loading (~ 0.5 wt%). This trend is consistent with XRD findings and
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visually corroborated by SEM observations, indicating that increased precursor concentrations lead to greater
Zn(OH)2 accumulation on the microcapsule surface.

The enhanced zinc content in CAB-Zn-30 and CAB-Zn-40 is expected to promote more effective and
sustained Zn2+ ion release, which contributes to antimicrobial activity through multiple mechanisms. These
include disruption of microbial membranes, generation of reactive oxygen species (ROS), and inhibition of
bacterial enzyme systems. The ability to tune Zn(OH)2 deposition through precursor concentration offers a
valuable design parameter for tailoring antimicrobial efficacy and longevity [24].

Overall, EDS analysis confirms the uniform and controllable surface functionalization of the microcapsules,
supporting the reliability of the fabrication method. These results reinforce the functional role of Zn(OH)2 in
enhancing microcapsule performance, highlighting the potential of CAB-Zn-40 as a scalable and adaptable
antimicrobial platform for biomedical, pharmaceutical, and environmental applications.

3.2.4 SEM Analysis
Scanning electron microscopy (SEM) was employed to examine the surface morphology of C. odorata-loaded
CAB microcapsules coated with increasing concentrations of Zn(OH)2 (Fig. 6). The uncoated control (CAB-

Zn-0) exhibited smooth, spherical surfaces, reflecting the uniformity of the CAB matrix and the absence of
surface-bound inorganic phases.

At 10 mM Zn(OH)2 (CAB-Zn-10), mild surface roughening and discrete nanoparticle aggregates were
observed, indicating initial Zn(OH)2 nucleation. Increasing the concentration to 20 mM (CAB-Zn-20) led to
more continuous and heterogeneous surface coverage, enhancing surface area and potentially facilitating
improved Zn2+ ion diffusion for antibacterial activity [25, 26].

At 30 mM (CAB-Zn-30), a denser and more compact coating formed, with aggregated nanoparticle domains
promoting prolonged Zn2+ release and microbial contact. The 40 mM sample (CAB-Zn-40) demonstrated the
most extensive and uniform nanoparticle coverage, characterized by a highly textured, near-saturated
Zn(OH)2 layer—providing an optimal interface for sustained ion release, ROS generation, and inhibition of
bacterial adhesion or biofilm formation [27].

These findings highlight a clear, concentration-dependent morphological evolution. The nanostructured
coatings in CAB-Zn-30 and CAB-Zn-40 offer enhanced surface functionality and sustained antimicrobial
potential, underscoring their suitability for biomedical and environmental applications.

3.2.5 Particle size distribution Analysis
Figure 7 and Table 1 illustrate the particle size distribution of C. odorata-loaded CAB microcapsules coated
with increasing concentrations of Zn(OH)2. A consistent increase in mean diameter was observed with higher
precursor concentrations, confirming progressive Zn(OH)2 deposition. Uncoated microcapsules (CAB-Zn-0)

averaged 1013.3 ± 66.5 nm, increasing modestly with 10 mM Zn(OH)2 (1049.5 ± 74.5 nm) and reaching
1275.3 ± 109.9 nm at 40 mM (CAB-Zn-40).
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This size enlargement reflects the formation of thicker Zn(OH)2 shells, which enhance Zn2+ reservoir capacity

and enable sustained, diffusion-controlled ion release. The denser coatings also reduce premature Zn2+

leaching, promoting prolonged antimicrobial activity [28]. Additionally, increased particle size and surface
roughness may hinder bacterial adhesion, offering synergistic physical–chemical antibacterial effects. CAB-
Zn-40, with the largest and most uniform particles, is thus well-suited for durable applications such as wound
dressings, antimicrobial coatings, and controlled-release systems.

Table 1
Particle size and thermal degradation characteristics of CAB–Zn(OH)₂ microcapsules prepared with different

Zn precursor concentrations. Increasing Zn(OH)₂ loading led to larger particle sizes and improved thermal
stability, indicating the formation of thicker inorganic coatings and enhanced structural integrity of the hybrid

microcapsules.
Sample Mean Particle Size

(nm)
Initial Onset
Temperature (°C)

Final Onset
Temperature (°C)

Weight Loss
(%)

CAB–Zn–
0

1013.3 ± 66.5 336.7 385.3 85.90

CAB–Zn–
10

1049.5 ± 74.5 252.6 368.8 48.94

CAB–Zn–
20

1159.8 ± 58.8 292.8 371.2 37.57

CAB–Zn–
30

1202.5 ± 82.8 274.4 371.3 28.33

CAB–Zn–
40

1275.3 ± 109.9 287.0 367.8 28.05

3.2.6 TGA Analysis
Thermogravimetric analysis (Fig. 8, Table 1) revealed the thermal degradation behavior of C. odorata-loaded
CAB microcapsules across varying Zn(OH)2 coating levels. All samples showed primary mass loss between

250–400°C, attributed to degradation of the CAB matrix and embedded phytochemicals. Uncoated
microcapsules (CAB-Zn-0) exhibited the highest weight loss (85.90%) and an onset degradation temperature
of 336.7°C, indicating low thermal resistance.

Zn(OH)2-coated samples showed progressively enhanced thermal stability. Despite a slightly lower onset
temperature in CAB-Zn-10 (252.6°C), its reduced weight loss (48.94%) suggests partial stabilization. Further
increases in Zn(OH)2 content led to lower total weight losses: 37.57% (CAB-Zn-20), 28.33% (CAB-Zn-30), and
28.05% (CAB-Zn-40), with CAB-Zn-40 also exhibiting a higher onset temperature (287.0°C).

These improvements are attributed to the Zn(OH)2 coating, which acts as a thermal and oxidative barrier,
limiting volatilization of thermolabile components and enhancing structural integrity [29]. Enhanced thermal
resistance supports product longevity and functionality under elevated temperatures—critical for applications
such as antimicrobial wound dressings, medical textiles, and heat-resistant packaging—where retention of
bioactivity and controlled Zn2+ release are essential.
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The enhanced crystallinity and stability indicate that the biopolymer–inorganic hybridization route can
upgrade raw biomass into advanced functional materials suitable for bio-based industries.

3.3 Antibacterial Activity
The antibacterial efficacy of C. odorata-loaded CAB microcapsules with increasing Zn(OH)2 coating

concentrations was assessed against Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-
positive) via MIC and MBC assays. Results demonstrated a clear concentration-dependent enhancement in
antibacterial performance, particularly against the more resilient E. coli, highlighting the synergistic roles of
phytochemicals, sustained Zn2+ release, and ROS generation.

3.3.1 Minimum Inhibitory Concentration (MIC)
MIC values (Fig. 9) decreased significantly with higher Zn(OH)2 content. CAB-Zn-40 exhibited the strongest

inhibition, with MICs of 12.8 mg/mL for E. coli and 6.4 mg/mL for S. aureus. While lower Zn(OH)2 coatings
(CAB-Zn-10, CAB-Zn-20) retained activity against S. aureus, they were less effective against E. coli, reflecting
differences in cell wall permeability. Enhanced Zn2+ release and ROS-mediated damage likely account for the
increased efficacy in higher-coated systems.

3.3.2 Minimum Bactericidal Concentration (MBC)
MBC data (Table 2, Figs. 9–10) closely followed MIC trends. CAB-Zn-40 demonstrated complete bactericidal
activity at 12.8 µg/mL against E. coli and 6.4 µg/mL against S. aureus, surpassing the performance of lower
Zn(OH)2-coated formulations, which required concentrations of 25.6 µg/mL or higher. This enhanced potency

is attributed to a combination of mechanisms: disruption of bacterial membranes through Zn2+ interactions
with cell wall components, oxidative damage induced by reactive oxygen species (ROS) targeting lipids,
proteins, and nucleic acids, and interference with intracellular processes, including enzymatic inhibition and
transcriptional disruption [30].

In contrast to uncoated microcapsules that rely solely on phytochemical activity, Zn(OH)2-coated systems
provide a sustained, multi-mechanistic antibacterial response. CAB-Zn-40, in particular, demonstrates
superior efficacy along with improved thermal stability, controlled Zn2+ release, and minimized cytotoxicity
risk, making it a compelling candidate for applications requiring long-term antimicrobial performance, such
as wound dressings, infection-resistant coatings, and bioactive packaging [31].
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Table 2
Minimum bactericidal concentration (MBC) values of CAB microcapsules

against E. coli and S. aureus. The CAB-Zn-40 formulation exhibits the lowest
MBCs, reflecting synergistic bactericidal effects from phytochemicals and

Zn2+ ion release.
Microcapsule Type MBC (E. coli) (µg/mL) MBC (S. aureus) (µg/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

The strong performance of CAB–Zn–40 underscores the potential of biomass-derived formulations as
sustainable substitutes for synthetic antimicrobial plastics.

3.4 Mechanistic Insight into Antibacterial Activity
The superior antibacterial efficacy of Zn(OH)2-coated Chromolaena odorata microcapsules—particularly the
CAB-Zn-40 formulation—is attributed to a synergistic set of mechanisms operating at both the surface and
intracellular levels (Fig. 11). These include sustained Zn2+ ion release, generation of reactive oxygen species
(ROS), bacterial membrane disruption, and metabolic interference. Collectively, these effects contribute to
potent and prolonged bactericidal activity.

3.4.1 Zn2+-Mediated ROS Generation and Oxidative Stress
A key antibacterial mechanism involves the sustained release of Zn2+ ions from the Zn(OH)2-coated

microcapsule surface. SEM and EDS analyses confirmed that Zn surface content increases with precursor
concentration, facilitating controlled and prolonged ion diffusion into the surrounding medium. Once
released, Zn2+ ions catalyze intracellular redox reactions, generating reactive oxygen species (ROS) including
superoxide anions (O2⁻), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH) [32, 33].

These ROS species exert oxidative stress by targeting bacterial lipids, proteins, and nucleic acids, ultimately
leading to cell dysfunction and death. The high crystallinity of Zn(OH)2—particularly evident in CAB-Zn-40 as

revealed by XRD—further supports its role in enabling sustained Zn2+ release and consistent ROS generation.
These results suggest that Zn(OH)2 coatings function analogously to ZnO systems, delivering continuous
antibacterial action through dual chemical pathways, and thus play a central role in the long-term efficacy of
the coated microcapsules.

3.4.2 Bacterial Membrane Disruption
SEM analysis revealed a marked increase in surface roughness with higher Zn(OH)2 loading, particularly in

CAB-Zn-30 and CAB-Zn-40. These nanostructured coatings enhance contact with bacterial membranes,
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intensifying localized Zn2+ ion release and promoting ROS-induced lipid peroxidation. This behavior is
consistent with previous findings on Cu²⁺ systems reported by Pookmanee et al. (2025) [34].

The resulting membrane damage leads to the leakage of intracellular contents, cytoplasmic collapse, and
eventual cell lysis [35]. The synergistic interplay between chemical factors (Zn2+ ions and ROS) and physical
effects (surface roughness and nanoparticle intrusion) accelerates membrane destabilization. This dual-
action mechanism underpins the significantly reduced MIC and MBC values observed in higher Zn(OH)2-
coated formulations, confirming their potent and irreversible antibacterial activity.

3.4.3 Cellular Dysfunction and Stress Response
Beyond membrane-level interactions, Zn2+ ions interfere with vital intracellular processes. By binding to

enzymatic cofactors, Zn2+ inhibits key metabolic enzymes, disrupts ribosomal function, and impairs DNA
replication. Accumulated ROS further aggravates cellular stress, potentially inducing defense responses such
as oxidative stress gene expression and DNA repair mechanisms [36].

Although these molecular responses were not directly evaluated in this study, future transcriptomic or
proteomic analyses could provide insight into bacterial adaptation and resistance pathways triggered by
Zn(OH)2 exposure.

3.4.4 Synergistic Antimicrobial Mechanism
The antibacterial effect of CAB-Zn-40 is not solely due to Zn(OH)2 but also enhanced by bioactive
phytochemicals from C. odorata. Compounds such as flavonoids, tannins, and alkaloids are known to
destabilize membranes and inhibit metabolic enzymes [37, 38]. The Zn(OH)2 coating amplifies this effect by

enabling sustained Zn2+ release and ROS production, resulting in a dual-action antimicrobial system.

Additional support is provided by TGA and DLS data, which indicate improved structural stability and
encapsulation efficiency at higher Zn(OH)2 concentrations. These attributes ensure functional retention under

environmental or physiological stress and contribute to long-term antimicrobial performance.

Together, these mechanistic insights highlight CAB-Zn-40 as a multifunctional antimicrobial platform. By
integrating phytochemical bioactivity with sustained-release nanocoating, this system offers a promising
strategy for applications requiring prolonged antibacterial efficacy, including wound care, bioactive medical
coatings, and antimicrobial packaging materials.

3.5 Comparative Antibacterial Activity Against
Staphylococcus aureus and Escherichia coli
To contextualize the antibacterial efficacy of the Zn(OH)2-coated Chromolaena odorata microcapsules
developed in this study, a comparative analysis was conducted using literature-reported plant-based
antimicrobial systems (Table 3). These systems include uncoated plant extracts, polymer-encapsulated
phytochemicals, and metal-functionalized microcapsules.
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Early studies utilizing C. odorata ethanolic extracts [39] or isolated flavonoids [40] demonstrated strong in
vitro antibacterial activity, with MIC values ranging from 0.016 to 6.25 mg/mL. However, these formulations
suffer from critical limitations—namely, rapid chemical degradation, poor thermal stability, and lack of
sustained antimicrobial release—reducing their practical utility in long-term applications.

To address these issues, microencapsulation has emerged as a viable strategy. For example, Liu et al. (2023)
[41] reported the encapsulation of cinnamon essential oil in gum arabic/maltodextrin microcapsules, which
improved chemical stability and demonstrated moderate antibacterial activity. However, such systems—
lacking an inorganic phase—are often limited in durability and spectrum of action under physiologically
relevant conditions.

In more recent approaches, the integration of antimicrobial metals has shown considerable promise. Li et al.
(2023) [42] developed silver nanoparticle (AgNP)-coated chitosan–gelatin microcapsules containing Ginkgo
biloba essential oil, while Sharma et al. (2024) [43] formulated ZnO-coated chitosan–cellulose microcapsules
loaded with Plumeria obtusa extract. These systems leveraged metal ion release to enhance bactericidal
activity; however, they often lacked quantitative MIC data or comprehensive benchmarking against plant–
metal hybrid systems. In contrast, the CAB-Zn-40 formulation presented in this study uniquely combines
plant-derived bioactive compounds, a biodegradable CAB matrix, and a Zn(OH)2 nanocoating that enables

sustained Zn2+ release and reactive oxygen species (ROS) generation, along with demonstrated thermal
stability confirmed by TGA analysis.

This formulation achieved MIC values of 12.8 mg/mL against E. coli and 6.4 mg/mL against S. aureus,
outperforming several uncoated extract-based systems and rivaling metal-functionalized designs.
Additionally, its high crystallinity, structural integrity, and dual-mode antibacterial action position it as a
promising candidate for applications requiring both efficacy and durability—such as wound care, biomedical
coatings, and active packaging.
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Table 3
Comparative summary of antimicrobial plant-based microcapsule systems reported in the literature. The
CAB-Zn-40 formulation demonstrates favorable performance and stability relative to uncoated and metal-

integrated formulations.
Plant
Extract

Encapsulation
Material

Metal
Component

Controlled
Release

Stability Antibacterial
Effectiveness
(MIC)*

Reference

C. odorata
(ethanol
extract)

None None No Low (rapid
degradation)

6.25 mg/mL
(E. coli),
3.125
mg/mL (S.
aureus)

[39]

Isolated
C. odorata
flavonoids

None None No Low 0.016–0.031
mg/mL (both
strains)

[40]

Cinnamon
essential
oil

Gum arabic /
Maltodextrin

None Yes (EO
release)

High 14 µL/mL (E.
coli), 7
µL/mL (S.
aureus)

[41]

Ginkgo
biloba EO

Chitosan–
gelatin

AgNPs Yes (Ag⁺,
EO
release)

High (spray-
dried)

Not reported
(inhibition
zones
confirmed)

[42]

Plumeria
obtusa
leaf
extract

Chitosan–
cellulose

ZnO
nanoparticles

Yes (Zn2+

release)
Structurally
stable

Not reported
(qualitative
activity)

[43]

C. odorata
extract

Cellulose
acetate
butyrate
(CAB)

Zn(OH)2
coating

Yes (Zn2+

release)
High (TGA
confirmed)

12.8 mg/mL
(E. coli), 6.4
mg/mL (S.
aureus)

This study
(CAB-Zn-
40)

* MIC values are reported as published; due to variation in test protocols, results are indicative and not
directly comparable.

4. Conclusions
This study demonstrates a green valorization pathway for transforming Chromolaena odorata biomass into
high-value antibacterial materials within the framework of sustainable biorefinery. A biodegradable cellulose
acetate butyrate (CAB) matrix, derived from renewable cellulose resources, was successfully integrated with
plant-extracted phytochemicals and coated with zinc hydroxide (Zn(OH)2) via an eco-friendly in situ
precipitation process. This mild, solvent-minimized route represents an environmentally responsible
conversion process that utilizes invasive plant biomass as a renewable feedstock rather than a waste
resource.

The resulting CAB–Zn(OH)2 hybrid microcapsules exhibited enhanced crystallinity, thermal stability, and
surface functionality, confirming successful hybridization between the bio-based polymer and inorganic
coating. Among the formulations, CAB–Zn–40 displayed the strongest antibacterial performance against
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Escherichia coli and Staphylococcus aureus, attributed to the synergistic effects of sustained Zn²⁺ release and
plant-derived bioactive compounds. This combination produced a durable, controlled-release antibacterial
response suitable for biomedical and packaging applications.

Beyond material performance, the work highlights a scalable example of biomass-to-bioproduct conversion
that aligns with circular bioeconomy principles. The valorization of C. odorata, an invasive tropical species,
into a biodegradable antibacterial platform demonstrates how underutilized biomass can be transformed into
eco-efficient, high-value functional materials. Future research will focus on evaluating biodegradation
kinetics, environmental life-cycle performance, and techno-economic feasibility to further integrate this
approach into sustainable biorefinery systems.
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Figure 1

Stepwise preparation of Chromolaena odorata extract: (a) freshly harvested leaves, (b) air-dried and chopped
material for extraction, and (c) freeze-dried ethanol extract used as the core antimicrobial agent. The process
preserves phytochemical integrity and improves storage stability.
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Figure 2

Visual appearance of CAB microcapsules coated with increasing concentrations of Zn(OH)2: (a) CAB-Zn-0, (b)

CAB-Zn-10, (c) CAB-Zn-20, (d) CAB-Zn-30, and (e) CAB-Zn-40. The progressive shift in color reflects
increasing surface deposition of Zn(OH)2.

Figure 3

XRD patterns of CAB microcapsules coated with increasing concentrations of Zn(OH)2. The progressive
emergence and intensification of diffraction peaks confirm successful surface deposition and enhanced
crystallinity of orthorhombic Zn(OH)2 nanostructures.
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Figure 4

FTIR spectra of (a) crude C. odorata extract, (b) uncoated microcapsules (CAB-Zn-0), and (c) Zn(OH)2-coated
microcapsules (CAB-Zn-40). Spectral changes highlight Zn–O bond formation and reduced hydroxyl/carbonyl
signals, indicating coordination between Zn2+ ions and phytochemical functional groups.
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Figure 5

EDS spectra of Zn(OH)2-coated C. odorata microcapsules. Detected elements include carbon (C), oxygen (O),
and zinc (Zn), with gold (Au) from sputter coating. The increasing Zn signal with higher precursor
concentrations confirms controlled and reproducible surface deposition of Zn(OH)2.

Figure 6
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SEM micrographs showing the surface morphology of CAB microcapsules coated with increasing Zn(OH)2

concentrations: (a) CAB-Zn-0 (uncoated), (b) CAB-Zn-10, (c) CAB-Zn-20, (d) CAB-Zn-30, and (e) CAB-Zn-40.
Increasing surface roughness and nanoparticle coverage with higher Zn(OH)2 precursor concentrations
indicate successful layer formation and suggest improved antimicrobial surface functionality.

Figure 7

Particle size distribution profiles of CAB microcapsules coated with increasing Zn(OH)2 concentrations.
Higher Zn precursor levels result in larger and more uniform microcapsules, supporting enhanced controlled-
release behavior.
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Figure 8

TGA thermograms of CAB microcapsules with and without Zn(OH)2 coatings. Coated formulations
demonstrate reduced weight loss and improved thermal stability, confirming the protective role of Zn(OH)2 in
preserving structural integrity and phytochemical content during thermal stress.
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Figure 9

Minimum inhibitory concentration (MIC) values for CAB microcapsules with varying Zn(OH)2 concentrations
against E. coli and S. aureus. Enhanced antibacterial activity is observed with increasing Zn(OH)2 loading,
with CAB-Zn-40 exhibiting the lowest MICs.

Figure 10

Representative spread plate images illustrating the bactericidal activity of Zn(OH)2-coated microcapsules
against S. aureus. CAB-Zn-40 achieves complete colony inhibition at low concentrations, confirming potent
antimicrobial action.
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Figure 11

Proposed antibacterial mechanism of Zn(OH)2-coated CAB microcapsules. Sustained Zn2+ ion release and
ROS generation disrupt bacterial membranes, induce oxidative stress, and interfere with intracellular
processes. Phytochemicals from C. odorata act synergistically, enhancing antimicrobial efficacy.


