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Abstract

The increasing demand for sustainable agriculture necessitates the development of eco-
friendly alternatives to chemical pesticides. This study reports the design and char-
acterization of biodegradable fibrous mats for the delivery of Bacillus subtilis, a plant-
beneficial biocontrol agent, using cellulose acetate (CA) scaffolds functionalized with
chitooligosaccharides (COS). Electrospun CA fibers were coated by electrospraying with
COS or COS/ B. subtilis suspensions in a single-step process to produce open, porous bio-
hybrid scaffolds. Scanning electron microscopy confirmed uniform fiber formation and
successful deposition of COS and bacterial layers, while ATR-FTIR spectroscopy verified
the chemical composition of the fibrous mats. Water contact angle measurements indicated
a shift from hydrophobic to highly hydrophilic surfaces, enhancing microbial adhesion and
moisture-mediated activation. Mechanical testing demonstrated that thin COS coatings
slightly improved tensile strength without compromising flexibility. Viability assays con-
firmed that encapsulated B. subtilis remained viable and capable of sporulation, and dual-
culture assays demonstrated effective inhibition of Alternaria solani, Fusarium avenaceum,
and Rhizoctonia solani. These results indicate that the electrospun/electrosprayed CA/COS
platform provides a protective, sustainable, and effective delivery system for biocontrol
agents. This approach offers a promising strategy for reducing reliance on synthetic pesti-
cides while maintaining crop protection efficacy.

Keywords: cellulose acetate; electrospinning/electrospraying; chitooligosaccharides;
Bacillus subtilis; biocontrol; biodegradable polymer scaffolds

1. Introduction

Global food security is increasingly challenged by plant pathogens, including fungi,
bacteria, and viruses, which collectively cause substantial annual losses in crop yield and
quality worldwide [1,2]. For decades, broad-spectrum synthetic pesticides have long been
an essential component of conventional pest control. However, growing concerns regard-
ing soil and water contamination, adverse effects on non-target beneficial organisms, and
the rapid emergence of pesticide-resistant pathogen strains have rendered this approach
progressively unsustainable [3,4]. These limitations highlight the urgent need for alter-
native plant protection strategies that ensure agricultural productivity while preserving
environmental integrity and human health.

One of the key pillars of modern sustainable agriculture is the use of beneficial mi-
croorganisms within integrated pest management frameworks [5]. Microbial biocontrol
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agents (BCAs) suppress plant diseases through natural antagonistic mechanisms, reducing
dependence on chemical pesticides and mitigating associated ecological risks such as bio-
diversity loss and food-chain contamination [6,7]. Despite their promise, the widespread
adoption of microbial BCAs remains constrained by limitations in formulation and delivery.
In particular, poor environmental resilience—manifested as reduced survival under ultra-
violet radiation, desiccation, temperature fluctuations, and mechanical stress, often leads
to inconsistent field performance [8]. Additional challenges include inadequate retention
on plant or soil surfaces, uncontrolled release profiles, limited shelf life, and scalability
constraints, all of which hinder reliable and cost-effective agricultural application [9].

Among BCAs, the rhizobacterium Bacillus subtilis, a Gram-positive, spore-forming
soil bacterium, has attracted considerable attention due to its broad-spectrum biocontrol
activity and environmental robustness. Its efficacy derives from multiple complementary
mechanisms, including competition for nutrients and ecological niches [10], the produc-
tion of antimicrobial lipopeptides such as surfactin, iturin, and fengycin [11,12], and the
induction of plant defense responses through induced systemic resistance [13]. Numerous
studies have shown that lipopeptides produced by B. subtilis exhibit strong inhibitory
activity against a broad range of fungal and bacterial phytopathogens [14]. In addition,
its ability to form highly resilient spores further enhances its suitability for agricultural
deployment, enabling survival under adverse environmental conditions while avoiding the
persistence of harmful chemical residues [15]. To unlock the full potential of microbial BCAs
such as B. subtilis, advanced delivery systems are required. These systems must protect
microbial viability during storage and field application, enable controlled and localized
release in the rhizosphere, and maintain a low environmental footprint [16]. Encapsulation
within biodegradable polymeric matrices represents a promising strategy to address these
challenges. Such matrices can provide a protective microenvironment that buffers external
stressors, enhances microbial survival, and supports sustained metabolic activity and grad-
ual release at targeted plant sites [17]. However, conventional formulations, such as liquid
suspensions, wettable powders, or granules, often fail to provide sufficient environmen-
tal stability or controlled moisture interaction, resulting in a rapid loss of efficacy under
field conditions.

In the design of such carriers, adherence to green and sustainable material principles
is essential. Carrier materials should be biodegradable, biocompatible, derived from re-
newable resources, and should not contribute to secondary environmental pollution [18].
Polysaccharides, particularly chitooligosaccharides (COSs), are highly attractive in this
context, as they combine renewable origin with intrinsic bioactivity, including antimicrobial
effects and the ability to elicit plant defense responses [19]. Chitosan and its oligosaccharide
derivatives have been widely reported to induce plant defense-related enzyme activity and
to enhance the performance of microbial formulations [20]. In parallel, cellulose-derived
polymers such as cellulose acetate (CA) offer complementary advantages as carrier ma-
terials. CA retains the renewable cellulose backbone [21], while acetylation improves
solubility [22] and processing versatility [23], making it well suited for advanced fabri-
cation techniques such as electrospinning [24-26]. The literature highlights CA’s tunable
biodegradability (depending on the degree of substitution), favorable mechanical prop-
erties, and excellent film- and fiber-forming capability [27]. Compared with commonly
used biodegradable polymers such as polylactic acid or alginate [28], CA offers a balanced
combination of processability, environmental compatibility, and economic viability derived
from abundant biomass resources.

Electrospun fibrous matrices are highly attractive as microbial delivery systems be-
cause their large surface area, interconnected porosity, and tunable surface chemistry facili-
tate microbial adhesion, moisture exchange, and controlled release. In our previous work,
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we developed biohybrid systems based on electrospun poly(3-hydroxybutyrate) (PHB)
fibers combined with chitosan films for microbial encapsulation, achieving high microbial
viability and pronounced antifungal activity while fulfilling sustainability criteria [29]. On
the basis of these findings, the present study advances toward a more renewable polymer
matrix by employing cellulose acetate. Herein, we report the first successful fabrication
of electrospun CA fibrous scaffolds combined with electrosprayed COS suspensions con-
taining Bacillus subtilis, using a single-step electrospinning/electrospraying approach. The
resulting biohybrid system comprises a porous microfibrous CA network that provides
mechanical integrity, high specific surface area, and interconnected porosity, while the COS
coating enhances surface wettability, microbial compatibility, and plant defense-elicitor
functionality. Within this architecture, CA serves as a biodegradable physical support
for bacterial spores and vegetative cells, whereas COS supports microbial survival and
facilitates moisture-mediated activation and release. Physicochemical and biological char-
acterization demonstrated that the developed scaffolds fulfill key performance criteria,
including structural stability under handling and application conditions, mechanical prop-
erties suitable for soil and foliar use, and surface morphology conducive to microbial
attachment and viability. Encapsulated B. subtilis retained its ability to germinate, sporu-
late, and exert antagonistic activity against major phytopathogens of economic relevance.
Collectively, these results demonstrate that the proposed fully bio-based CA /COS scaffolds
represent a sustainable and effective alternative to conventional pesticide formulations.
By combining renewable materials, gentle processing, and biological functionality, this
approach contributes to reduced chemical inputs, protection of soil and water resources,
and enhanced agroecosystem resilience. Further studies, including field-scale efficacy trials
and biodegradation assessments under realistic agricultural conditions, will be required to
support practical implementation.

2. Materials and Methods
2.1. Materials

Cellulose acetate (CA) with a molecular weight of 30,000 g/mol and a degree of sub-
stitution of 39.8% was purchased from Sigma-Aldrich (St. Louis, MO, USA). Chitooligosac-
charides (COSs), with a molecular weight range of 3000-5000 g/mol, were supplied by
Kitto Life Co., Ltd. (Pyeongtaek-si, Gyeonggi-do, Republic of Korea). Analytical-grade
acetone, used for electrospinning of CA, was obtained from Sigma-Aldrich (Darmstadt,
Germany). All chemicals were used as received without further purification.

The biocontrol microorganism Bacillus subtilis was obtained from the culture collec-
tion of Biodinamika Ltd. (Plovdiv, Bulgaria). For spore production, the bacterium was
cultured in Tryptic Soy Broth (TSB; Biolife, Milan, Italy) at 28 °C under constant agitation at
197 rpm for 120 h. Spores were collected by centrifugation at 6000 rpm for 15 min at 4 °C.
Following two washes with sterile distilled water, the spore suspension was standardized
to 1 x 10'° spores/mL.

The phytopathogenic fungal strains (Alternaria solani, Fusarium avenaceum and
Rhizoctonia solani) were cultivated on Potato Dextrose Agar (PDA; Merck, Darmstadt,
Germany) at 28 °C for seven days. The resulting cultures were then used to prepare
standardized agar plugs, which served as inocula in antagonism assays to evaluate the
inhibitory effects of the fibrous scaffolds.

2.2. Preparation of Electrospun/Electrosprayed Biohybrid Scaffolds

Biohybrid scaffolds were fabricated in a single step by combining the electrospinning of
cellulose acetate (CA) with the simultaneous electrospraying of either a chitooligosaccharide
(COS) solution or a COS/ Bacillus subtilis suspension. The resulting materials are denoted
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as COS-on-CA and COS/B. subtilis-on-CA, respectively. A control mat of neat CA fibers
was also produced by electrospinning without electrosprayed components.

A 10 wt% spinning solution of CA was prepared using an acetone/water mixture
(80/20 v/v) as the solvent. This concentration and solvent composition were selected based
on established protocols to ensure uniform, bead-free CA fiber formation [30,31]. For elec-
trospraying, a 0.5 wt% aqueous COS solution was used. The bacterial suspension for the bio-
hybrid material was prepared by thoroughly mixing 10 mL of the COS solution with 10 mL
of the B. subtilis spore suspension to form a homogeneous COS/B. subtilis suspension.

Simultaneous electrospinning and electrospraying was performed using a setup with
two syringe pumps (NE-300, New Era Pump Systems, Inc., Farmingdale, NY, USA) posi-
tioned at 180°. Both pumps were connected to a high-voltage power supply set at 25 kV.
The CA solution was electrospun from a syringe fitted with a 19-gauge needle at a flow rate
of 3 mL/h, while the COS solution or COS/B. subtilis suspension was electrosprayed from
an identical syringe and needle setup at 1.5 mL/h. The tips of both needles were positioned
10 cm from a grounded rotating drum collector (diameter 45 mm, speed 1000 rpm). This
configuration enabled the direct deposition of electrosprayed COS droplets and bacterial
cells onto the forming CA fibers, producing a well-defined biohybrid mat. The entire
process was carried out at ambient temperature (25 °C) and a relative humidity of 51%.

2.3. Characterization

The morphology of the fibrous samples and bacterial cells was examined using scan-
ning electron microscopy (SEM). Prior to imaging with Jeol JSM-5510 (JEOL Co. Ltd., Tokyo,
Japan), all samples were vacuum-coated with a thin gold layer for 60 s using Jeol JFC-1200
fine coater. Mean fiber diameter, standard deviation, and average bacterial cell length and
width were determined by analyzing at least 30 fibers or cells from SEM micrographs using
Image] software (version 1.54g).

The chemical composition of the fibrous scaffolds was analyzed by attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR). Spectra were recorded
using an IRAffinity-1 spectrometer (Shimadzu Co., Kyoto, Japan) equipped with a diamond-
crystal MIRacle™ ATR accessory (PIKE Technologies, Fitchburg, WI, USA). Measurements
were collected over the spectral range of 600-4000 cm~! at a resolution of 4 cm~!. Post-
processing was performed using IRsolution software (version 1.04) to correct for atmo-
spheric water vapor and carbon dioxide contributions.

The surface wettability of the fibrous materials was evaluated by static water contact
angle measurements at 25 °C using an Easy Drop DSA20E goniometer (Kriiss GmbH,
Hamburg, Germany). A 10 uL droplet of deionized water was deposited onto rectangular
fibrous specimens (2 cm x 7 cm), excised parallel to the collector rotation direction. Contact
angles were calculated using instrument-integrated image analysis software (v. 1.92.1.1.),
and the reported values represent the average of ten independent measurements.

The mechanical properties of CA, COS-on-CA and COS/B. subtilis-on-CA mats were
characterized by uniaxial tensile testing using an Instron 3344 universal testing machine
operated with Bluehill Universal software (version 3.11) and equipped with a 50 N load
cell. Tests were conducted at 21 °C with a crosshead speed of 10 mm /min. Specimens with
approximate dimensions of 400 pm (thickness) x 60 mm (length) x 20 mm (width) were
evaluated. Young’s modulus (E, MPa), tensile strength (o, MPa), and elongation at break
(eB, %) were determined from the stress—strain curves, with at least ten specimens analyzed
for each formulation.
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2.4. Microbiological Evaluation and Morphometric Analysis

The viability of Bacillus subtilis encapsulated within electrospun CA-based fibrous
mats functionalized with electrosprayed COS was evaluated using qualitative growth
assays on solid Tryptic Soy Agar (TSA). Sterile biohybrid mats (16 mm diameter) were
aseptically placed onto TSA plates and incubated at 28 °C. Bacterial growth, evidenced
by colony formation, was observed within 72 h, confirming the preservation of B. subtilis
viability. The ability of the encapsulated spores to germinate and regain metabolic activity
was monitored over time. Bacterial growth, evidenced by the appearance of visible colonies
and biofilm formation emerging directly from the fibrous matrix, was observed within 72 h.
These observations confirm that the electrospinning and electrospraying processes did not
compromise the biological integrity or viability of the spores. Control samples consisted
of pristine electrospun CA mats and CA mats functionalized with COS only, which were
subjected to identical microbiological evaluation.

The antagonistic activity of Bacillus subtilis against phytopathogenic fungi (Alternaria solani,
Fusarium avenaceum, and Rhizoctonia solani) was evaluated using a dual-culture assay on
solid Potato Dextrose Agar (PDA). A circular agar plug (7 mm in diameter) excised from
an actively growing, 5-day-old fungal culture was placed on one side of a PDA plate.
Biohybrid fibrous mats (16 mm in diameter) containing B. subtilis were positioned on the
opposite side of the plate, at an equal distance from the plate edge. The Petri dishes were
incubated at 28 °C for up to 7 days. Antifungal activity was assessed by monitoring the
interaction between the bacterial and fungal colonies and by comparing the radial growth
of the fungal mycelium in the presence of the biohybrid mats with that of the corresponding
control plates. This experimental setup enabled evaluation of the diffusion of antifungal
metabolites from the fibrous matrix toward the advancing fungal hyphae.

To ensure high precision in growth analysis, two perpendicular diameters of each
fungal colony (d; and dp) were measured. To account for potential asymmetrical mycelial
expansion, the colony surface area (A, cm?) was calculated using the equation for the area
of an ellipse (Equation (1)):

dy dy
L

where d; and d; represent the horizontal and vertical diameters (cm), respectively.

A=r 1)

The Percentage of Inhibition of Radial Growth (PIRG) was determined to quantify
the antifungal efficacy of the electrospun mats relative to the untreated control. PIRG was
calculated based on the mean colony surface areas according to Equation (2):

PIRG = (Ac — Ap)/Ac x 100, )

where A, is the mean surface area of the fungal colony in the control group and At is the
mean surface area of the fungal colony in the treatment group.

2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (version 5; Graph-
Pad Software, Inc., San Diego, CA, USA). Differences between groups were evaluated by
one-way analysis of variance (ANOVA), followed by Bonferroni post hoc tests. All data
are presented as the mean =+ standard deviation (SD), and all calculations were conducted
using the same software. Statistical significance was defined at p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***). All antifungal assays were conducted in triplicate (n = 3) to ensure
reproducibility. Colony diameters and calculated surface areas were used for quantita-
tive analysis of fungal growth inhibition. The variability in these measurements was
assessed through standard deviation values to evaluate the consistency and stability of the
antimicrobial effect of the polymer—microbial system.
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3. Results

The present study aimed to develop a new class of eco-friendly biohybrid materi-
als for plant disease biocontrol using a one-step electrospinning/electrospraying strat-
egy. Three types of materials were fabricated: (i) cellulose acetate (CA) mats produced
by conventional electrospinning; (ii) COS-on-CA mats, in which CA fibers were surface-
functionalized with COS; and (iii) COS/B. subtilis-on-CA mats, where CA fibers were
functionalized with both COS and B. subtilis by simultaneous electrospinning and electro-
spraying. Based on our previous study employing poly(3-hydroxybutyrate) (PHB)-based
systems functionalized with COS and B. subtilis [32], this study extends the approach toward
cellulose-derived polymers. Cellulose acetate was selected as a renewable, biodegradable
matrix derived from the most abundant natural polysaccharide, offering excellent pro-
cessability and compatibility with electrospinning. The adopted fabrication strategy is
simple, scalable, and cost-effective, enabling precise control over fiber morphology and
surface functionalization while avoiding multistep post-processing routes commonly used
in biohybrid material preparation.

3.1. Morphology of Fibrous Biohybrid Scaffolds

The surface morphology of the electrospun CA and the COS-functionalized CA mats
produced by simultaneous electrospinning/electrospraying was observed using SEM
(Figure 1). SEM images of the electrospun CA mats (Figure la) exhibited a randomly
oriented, bead-free morphology forming a highly porous three-dimensional fibrous net-
work, characteristic of well-optimized electrospinning conditions. A comparable fibrous
architecture was retained after COS deposition (Figure 1b), indicating that the electro-
spraying process did not disrupt fiber formation. A thin COS coating was uniformly
distributed along the CA fibers, with occasional delicate film bridges formed between
neighboring fibers, preserving the overall porosity of the scaffolds and the open structure
required for mass transfer and microbial activity (Figure 1b). Mats functionalized with
COS and Bacillus subtilis (COS/ B. subtilis-on-CA) also maintained the highly porous fiber
network. Rod-shaped bacterial spores were clearly visible on the fiber surfaces and evenly
distributed throughout the scaffold, confirming successful deposition and adhesion facil-
itated by the COS layer (Figure 1c). The inclusion of COS enhanced bacterial adhesion,
providing a stable biohybrid layer while preserving the open fibrous morphology. The
observed bacterial morphology and dimensions were consistent with those reported in
earlier studies using COS/B. subtilis on PHB substrates [32], indicating that the change
in polymer matrix did not adversely affect bacterial deposition or integrity. The presence
of COS significantly enhanced bacterial adhesion to the CA fibers, demonstrating the ef-
fectiveness of the electrospraying-assisted functionalization approach in producing stable
biohybrid scaffolds.

Quantitative analysis revealed that neat CA fibers had an average diameter of
0.849 4 0.213 um. Surface functionalization with COS resulted in a slight increase to
0.877 & 0.231 um, while the additional presence of COS/B. subtilis did not cause a further
significant change in fiber diameter. This modest increase indicates the formation of a
thin, conformal COS coating on the fiber surface without compromising fiber uniformity
or morphology, thereby preserving the open fibrous network essential for mass transport,
moisture penetration, and microbial activity.
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Figure 1. SEM micrographs of fibrous scaffolds: (a) CA mats; (b) COS-on-CA mats; (c) COS/B.
subtilis-on-CA mats.

3.2. Surface Composition and Wettability

ATR-FTIR spectroscopy was used to analyze the chemical composition of the fabricated
mats and to verify successful surface functionalization with COS (Figure 2). Electrospun
CA fibers exhibited characteristic absorption bands at 1740 cm ™!, corresponding to C=O
stretching vibrations of acetate groups, along with bands at 1368 and 1229 cm ™! attributed
to ~CHj and C-O stretching vibrations, respectively, and a band at 1036 cm~! assigned to
C-O-C stretching. The COS powder spectrum displayed characteristic absorption bands at
1647 cm~! (amide I), 1568 cm ™! (amide II), and 1373 cm ™! (amide III), as well as bands at
1152 and 1063 cm ™! associated with C-O-C stretching vibrations of glucopyranose rings.

~ 7COS powder - -
g N2 E g &
o |COS-0n-CA mat ; S~
=
<
=
E -
1]
=
s
=
7 T — T v T T T —— T 1
2000 1800 1600 1400 1200 1000 800

Wavenumber, 1/cm

Figure 2. ATR-FTIR spectra of COS powder, electrospun CA mats, and COS-on-CA mats fabricated
by combined electrospinning/electrospraying.

In the COS-on-CA mats, absorption bands characteristic of both CA and COS
were clearly observed, confirming the successful deposition of COS onto the electro-
spun CA fibers (Figure 2). Notably, the CA-related carbonyl band shifted slightly from
1740 to 1744 cm~!, while the bands at 1368 cm ™! (CA) and 1373 cm~! (COS) merged and
appeared at approximately 1371 cm~!. Additionally, the band at 1229 cm ! associated
with CA shifted to 1225 cm ™! after COS functionalization. These minor shifts suggest
weak intermolecular interactions, such as hydrogen bonding, between CA and COS at the
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fiber surface rather than the formation of new covalent bonds. Importantly, the overall
spectral features remained unchanged, indicating that the chemical integrity of the CA
scaffold was preserved following electrospraying. These results confirm successful COS
surface functionalization while maintaining the structural and chemical stability required
for biohybrid microbial delivery platforms.

Surface wettability was evaluated to assess the suitability of the fabricated mats for
biocontrol applications, as surface hydrophilicity plays a critical role in microbial acti-
vation, moisture uptake, and release behavior in aqueous environments. Water contact
angle (WCA) measurements were therefore employed as a sensitive indicator of surface
chemical modification following COS functionalization (Figure 3). Electrospun CA mats
exhibited pronounced hydrophobic behavior, with static water contact angles exceeding
100° (Figure 3a). This behavior is consistent with the acetylated cellulose backbone and the
rough fibrous morphology of electrospun CA. In contrast, CA mats functionalized with
COS, either alone or in combination with Bacillus subtilis, showed immediate spreading
of water droplets upon contact, resulting in contact angles of 0° (Figure 3b,c). This sharp
transition from hydrophobic to highly hydrophilic surface behavior is attributed to the
uniform deposition of water-soluble, low-molecular-weight COS on the CA fiber surfaces,
in agreement with the FTIR results. The presence of COS introduces polar functional groups
capable of strong interactions with water, thereby dramatically increasing surface wettabil-
ity. Enhanced hydrophilicity is particularly advantageous for biocontrol applications, as
it facilitates rapid scaffold hydration, supports microbial viability, and enables moisture-
mediated activation and release of the encapsulated microorganisms under agricultural
conditions, while also forming a localized “wet film” that improves contact between the
biocontrol agent and the target pathogen.

(b)

Figure 3. Water contact angle values and corresponding digital images of water droplets deposited
on the surfaces of (a) CA mats, (b) COS-on-CA mats, and (c) COS/B. subtilis-on-CA mats.

3.3. Mechanical Properties

Mechanical integrity is an important requirement for fibrous materials intended for
agricultural applications, as they may be subjected to handling, soil contact, humidity
fluctuations, and mechanical stresses during use. The mechanical performance of CA,
COS-0n-CA, and COS/ B. subtilis-on-CA mats was therefore evaluated by uniaxial tensile
testing, and the corresponding stress—strain curves are presented in Figure 4. Electrospun
CA mats exhibited a tensile strength of 1.14 £ 0.13 MPa, which is consistent with values
previously reported for electrospun CA fibers (1-6 MPa) [33,34]. The relatively modest
mechanical strength of the pristine CA mats can be attributed to the loosely packed fibrous
architecture typical of electrospun materials, as well as to the semi-rigid backbone of
cellulose acetate. Surface functionalization with COS resulted in a notable improvement
in mechanical performance, with the tensile strength increasing to 1.45 £+ 0.15 MPa. A
further, although moderate, enhancement was observed for COS/B. subtilis-on-CA mats,
which reached a tensile strength of 1.55 &= 0.14 MPa. This progressive increase is attributed
to the formation of thin COS-based coatings that partially bridge adjacent fibers, thereby
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improving stress transfer within the fibrous network. The bacterial cells themselves do
not act as mechanical reinforcements; rather, their incorporation within the COS layer
contributes indirectly to the formation of a more interconnected surface coating.

o 2.0 -
B
= —— COS/B. subtilis-on-CA mat
w
§ — COS-on-CA mat
@ 134 —— CA mat
1.0 4
0.5 4
0.0 T T T T T T b T N 1
0 5 10 15 20 25

Strain, %
Figure 4. Stress—strain curves of CA, COS-on-CA, and COS/ B. subtilis-on-CA fibrous mats.

Importantly, the observed improvements in tensile strength were achieved without
inducing brittleness or compromising the intrinsic porosity and flexibility of the mats.
These characteristics are essential for moisture transport, microbial viability, and effective
interaction with plant surfaces, indicating that electrospray-assisted surface functionaliza-
tion represents an effective strategy for enhancing the mechanical stability of electrospun
biohybrid scaffolds. Moreover, the measured mechanical properties indicate that the mats
are robust enough for practical handling, transport, and deployment under agricultural
conditions, maintaining their structural integrity during bending, folding, and brief expo-
sure to wind or humidity. The combination of improved tensile strength and preserved
flexibility ensures that the mats can be applied effectively in the field while supporting
biocontrol performance.

3.4. Bacterial Viability

Maintaining bacterial viability after immobilization is essential for the performance of
biohybrid materials intended for biocontrol applications. The viability of Bacillus subtilis
incorporated into COS-functionalized CA scaffolds was evaluated using agar plate assays
(Figure 5). No microbial growth was observed for the CA or COS-on-CA control samples,
confirming their sterility and the absence of bacterial contamination. In contrast, COS/B.
subtilis-on-CA mats exhibited clear and reproducible colony formation after 72 h of incu-
bation. Bacterial cells actively migrated from the fibrous scaffold onto the agar surface,
where they displayed typical morphology and growth behavior characteristic of B. subtilis.
Notably, sporulation was observed after 72 h, indicating that the encapsulated bacteria
retained their physiological activity and capacity to complete their life cycle. These results
demonstrate that the COS-functionalized CA mats provide a protective and supportive mi-
croenvironment that preserves bacterial viability during processing and enables subsequent
growth and activation upon exposure to favorable conditions.
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(b) (c)

Figure 5. Digital images of the samples after 72 h of incubation: (a) CA mats; (b) COS-on-CA mats;
(c) COS/B. subtilis-on-CA mats.

3.5. Antifungal Activity: Dual-Culture Assay

After confirming the viability of B. subtilis in the biohybrid mats, the antifungal
potential of COS/B. subtilis-on-CA mats was evaluated against three economically rele-
vant phytopathogens: Alternaria solani, Fusarium avenaceum and Rhizoctonia solani. These
pathogens were selected to represent diverse survival strategies, ecological niches, and host
ranges: A. solani is a foliar pathogen producing abundant airborne spores, F. avenaceum is a
cosmopolitan pathogen capable of soil-borne and aerial infections and a major producer of
mycotoxins, and R. solani is a soil-borne pathogen forming long-lived sclerotia. This triad
allows for an assessment of the mats’ broad-spectrum activity across different plant tissues
and fungal survival forms, as well as their relevance to economically important crops and
food safety. Dual-culture assays were performed using the agar block method, in which
pre-grown fungal blocks were placed on one side of the Petri dish, while the fibrous mats
in disk form were positioned at an equal distance opposite the fungal inoculum. Digital
images of the results are shown in Figure 6a-1. As a negative control, pathogens were
grown on agar without mats, representing unrestricted fungal growth.

For Alternaria solani (Figure 6a—d), the control showed unrestricted fungal expansion
(Figure 6a). In contrast, CA and COS-on-CA mats showed no noticeable effect on the
growth of the phytopathogenic fungi compared to the pathogen control (Figure 6b,c). In
contrast, COS/B. subtilis-on-CA mats markedly suppressed fungal growth, as evidenced
by reduced colony size and limited spread (Figure 6d). Bacterial cells migrated from the
mats and effectively colonized the agar surface, maintaining their antagonistic activity.
Similarly, for Fusarium avenaceum (Figure 6e-h), the control showed rapid radial growth
(Figure 6e). CA and COS-on-CA mats did not cause any measurable reduction in fungal
growth compared to the control (Figure 6f,g), whereas COS/ B. subtilis-on-CA mats strongly
inhibited fungal proliferation, demonstrating sustained antagonistic activity (Figure 6h).
For Rhizoctonia solani (Figure 6i-1), extensive pathogen growth was observed in the con-
trol sample (Figure 6i), as well as in Petri dishes containing neat CA and COS-on-CA
fibrous mats (Figure 6j k), indicating that these materials did not noticeably affect fungal
development. The COS/B. subtilis-on-CA mats effectively suppressed R. solani expansion,
indicating robust biocontrol potential (Figure 61).
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Figure 6. Digital images of dual-culture assays against three phytopathogens: (a-d) Alternaria solani,
(e-h) Fusarium avenaceum, and (i-1) Rhizoctonia solani. For each pathogen: (a,e,i) control, (b,f,j) CA
mats, (¢,g,k) COS-on-CA mats, and (d,h,1) COS/B. subtilis-on-CA mats.

Morphometric characteristics and the percentage inhibition of radial growth (PIRG)
of the tested phytopathogens in contact with the prepared scaffolds are presented in
Table 1. The results show that the electrospun scaffolds loaded with beneficial bacte-
ria consistently suppressed fungal growth across all tested pathogens. Incorporation of
Bacillus spp. into the CA/COS mats significantly reduced colony surface area compared to
both untreated controls and CA or COS-on-CA mats. As seen (Table 1), for Alternaria solani,
the COS/B. subtilis-on-CA mats achieved a PIRG of 33.9%, limiting colony expansion
to 15.1 + 1.1 cm?. While A. solani displayed moderate resistance to the standalone CA
and COS-on-CA mats, the presence of the microbial agent on the scaffold effectively in-
hibited radial growth. Obviously, the most pronounced inhibitory effect was observed
against Fusarium avenaceum, where colony area was reduced by over 50% (Table 1) to
12.1 + 0.5 cm?. The combination of high suppression and low variability underscores the
stability and efficacy of the COS/B. subtilis-on-CA mats against this pathogen. In the case of
Rhizoctonia solani, the presence of Bacillus spp. significantly restricted pathogen growth, re-
sulting in a PIRG of 38.8%. The minimal standard deviation (Table 1) further highlights the
reproducibility and reliability of the bioactive mats even against persistent soil-borne fungi.
These results confirm that the CA/COS matrix functions primarily as a biocompatible
carrier, while functionalization with Bacillus spp. establishes a potent, reliable antifungal
barrier capable of restricting the development of diverse phytopathogens.

Opverall, the results confirm that encapsulated B. subtilis retains its antifungal function-
ality across all tested phytopathogens. COS/B. subtilis-on-CA mats provide a biodegradable,
sustainable, and highly effective delivery platform for microbial biocontrol agents in agri-
cultural applications.
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Table 1. Morphometric characteristics and percentage inhibition of radial growth (PIRG) of
tested phytopathogens.

Phytopathogen Scaffolds Average Area *, cm? PIRG *, %
Control 22.8 +2.8 -
Al i solani CA mat 215+ 1.1 5.4
fernaria solani COS-on-CA mat 214+ 0.8 6.2
COS/B. subtilis-on-CA mat 151+1.1 33.9
Control 287 £1.2 -
F . CA mat 25.7 £ 1.0 10.5
usartumm aoenaceunt COS-0n-CA mat 279+ 15 2.6
COS/B. subtilis-on-CA mat 121 +0.5 57.7
Control 20.3 +£ 0.6 -
Rhi 0 solani CA mat 21.1+1.2 n.a.
1zoctonia solani COS-on-CA mat 229+27 na.
COS/B. subtilis-on-CA mat 124 +0.2 38.8

* All antifungal assays were performed in triplicate (1 = 3) to ensure reproducibility.

4. Discussion

Bacillus subtilis is widely recognized not only as a model microorganism but also for
its environmentally friendly applications in agriculture, where it promotes plant growth,
enhances resistance to phytopathogens, and contributes to soil health [35,36]. The present
study demonstrates the successful development of a fully bio-based fibrous delivery plat-
form for B. subtilis using electrospun cellulose acetate (CA) scaffolds functionalized with
electrosprayed chitooligosaccharides (COSs). The selection of CA and COS was based on
a combination of processability, biodegradability, and bioactivity. CA was chosen as the
fibrous backbone due to its excellent electrospinnability from relatively low-toxicity, volatile
organic solvents such as acetone, providing both mechanical integrity and a moderate,
tunable degradation profile [37]. This profile differs from that of other common electrospin-
ning polymers, such as PLA, which typically degrades more slowly and is more brittle [38],
or PVA, which is highly hydrophilic and can dissolve rapidly in aqueous environments
unless chemically crosslinked. COSs were selected for electrospraying due to their intrinsic
antifungal and elicitor properties and their suitability for processing (e.g., readily water-
soluble, low viscosity), unlike high-molecular-weight chitosan, which is more difficult to
process [19].

The combination of electrospinning and electrospraying in a single-step process en-
abled the direct deposition of COS and bacterial cells onto forming CA fibers, producing
thin, uniform, and defect-free mats while preserving the open, porous network essential for
microbial viability and mass transport. COS plays a dual role in this architecture, acting as a
natural adhesive that facilitates bacterial attachment to the fibers and creating a supportive
microenvironment that preserves bacterial viability during storage, enhances resistance
to environmental stress, and promotes activation upon hydration. This biodegradable
CA/COS matrix thus provides a protective niche for B. subtilis, enabling gradual release
and prolonged biological activity compared with free bacterial suspensions, which are
prone to rapid degradation and wash-off. The gradual release refers to an architecture-
driven mechanism rather than a quantified release rate. B. subtilis spores are mechanically
entrapped within the three-dimensional CA fibrous network, enabling an initial activation
of spores located at or near the fiber surface upon moisture exposure, followed by a pro-
gressive release of spores from the scaffold interior during subsequent wetting events. This
spatial distribution helps prevent rapid wash-off and supports sustained biological activity
after encapsulation.
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Characterization confirmed the integrity and functionality of the scaffolds. The slight
increase in fiber diameter and the presence of COS-specific ATR-FTIR bands indicated the
formation of thin, conformal COS coatings without pore blockage, maintaining scaffold
porosity for efficient moisture penetration and microbial release. Water contact angle
measurements showed a strong hydrophilic transition after COS deposition, facilitating
rapid hydration, bacterial activation, and sustained release in aqueous environments typical
of soil and plant surfaces. Mechanical testing revealed that COS functionalization slightly
enhanced tensile strength through the formation of thin inter-fiber films while preserving
flexibility, an important property for agricultural handling and field deployment.

Viability assays confirmed that B. subtilis remained metabolically active after encap-
sulation, capable of germination and sporulation upon hydration. Dual-culture assays
against Alternaria solani, Fusarium avenaceum, and Rhizoctonia solani demonstrated that
COS/B. subtilis-on-CA mats maintained strong antagonistic activity, outperforming CA
and COS-on-CA controls. These findings highlight that the developed biohybrid mats
provide an effective and environmentally responsible alternative to conventional chemical
pesticides while preserving microbial functionality. Quantitative analysis of antifungal
activity, based on morphometric measurements and PIRG calculations, revealed a statis-
tically significant reduction in colony surface area for the COS/B. subtilis-on-CA mats,
with the strongest inhibitory effect observed against Fusarium avenaceum, reaching nearly
58% inhibition.

Overall, the integration of renewable polymeric scaffolds with COS and B. subtilis
offers multiple synergistic advantages: enhanced microbial stability, hydrophilic surfaces
for improved plant and soil interaction, mechanical robustness for practical use, and
effective biocontrol activity against major plant pathogens. The single-step electrospin-
ning/electrospraying approach represents a scalable, sustainable, and versatile platform
for the fabrication of biohybrid delivery systems, bridging the gap between microbial
formulation and practical agricultural deployment. COS/B. subtilis-on-CA mats therefore
provide a promising route toward fully biodegradable, multifunctional biocontrol agents
that reduce reliance on synthetic agrochemicals while maintaining crop protection efficacy.

5. Conclusions

A single-step electrospinning/electrospraying approach was successfully employed to
fabricate cellulose acetate fibrous scaffolds functionalized with chitooligosaccharides and
Bacillus subtilis. The resulting biohybrid mats combined structural integrity, hydrophilicity,
and mechanical resilience, providing a supportive microenvironment for microbial viabil-
ity and sustained release. Encapsulated B. subtilis maintained physiological activity and
effectively inhibited key phytopathogens, including Alternaria solani, Fusarium avenaceum,
and Rhizoctonia solani, under in vitro conditions. These results indicate that fully bio-based
COS/B. subtilis-on-CA mats are a promising and environmentally responsible platform
for biocontrol applications. Future studies will focus on greenhouse and field evaluations,
controlled-release behavior, plant and soil interactions, and environmental fate to vali-
date the long-term performance, safety, and practical applicability of these materials in
sustainable agriculture.
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