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ABSTRACT: The limited stability of microbial inoculants such as Trichoderma harzianum (T. harzianum) poses a major challenge
to the development of effective delivery systems. To address this, a nanocomposite matrix of carboxymethyl cellulose (CMC)
reinforced with cellulose nanocrystals (CNC) was developed to encapsulate T. harzianum and facilitate delivery through fertilizer
granules. The encapsulation was highly effective; after three months of storage at room temperature, encapsulated spores maintained
high viability (∼6.5 × 108 CFU g−1), whereas nonencapsulated spores exhibited a three-order-of-magnitude reduction. Incorporation
of CNC also generated a sustained-release profile for the spores by enhancing the structural integrity of the CMC matrix and
creating a more tortuous diffusion path. Moreover, the polymeric coating was essential for preserving fungal viability and promoting
growth under the osmotic stress imposed by monoammonium phosphate (MAP) fertilizer even after 30 days of storage at room
temperature. These findings highlight the potential of these formulations as protective and efficient delivery systems for microbial
inoculants, improving their stability within integrated fertilization strategies.
KEYWORDS: biocontrol, microbial viability, controlled release, encapsulated microorganism

■ INTRODUCTION
Meeting the growing global demand for food, fiber, and
bioenergy while ensuring environmental sustainability remains
one of the major challenges of modern agriculture.1 Chemical
fertilizers and pesticides have played a key role in enhancing
crop productivity and controlling pests and diseases. However,
their intensive and prolonged use has led to severe environ-
mental consequences, including reduced soil quality, nutrient
losses through volatilization, leaching, and reactions with soil
organic components, as well as compromised food quality.2,3

These issues highlight the need for alternative methods based
on natural, biodegradable, and sustainable resources.
Microbial inoculants have emerged as a promising solution

by introducing beneficial microorganisms into agricultural
systems to promote plant growth, inhibit phytopathogens,4 and
solubilize essential nutrients for plants.5 Compared with
conventional practices, microbial inoculation can enhance
crop productivity while reducing the environmental burden
associated with agrochemicals.6 However, their widespread
application is still limited by challenges related to low
microbial viability over time and incompatibility with conven-
tional fertilizers.7

The direct contact of microorganisms with high concen-
trations of fertilizers, such as monoammonium phosphate
(MAP) or urea, poses significant risks to microbial survival and
activity due to factors like osmotic stress, extreme pH
variations, nutrient imbalances, and the presence of reactive
chemical species. For instance, localized changes in salinity and
alkalinity resulting from the dissolution of MAP or urea-based
fertilizers have been shown to impair the viability of
encapsulated microorganisms.8 Therefore, developing formu-

lation strategies to preserve microbial viability and enable
coapplication with fertilizers is essential for the advancement of
biological inputs.
Encapsulation in biodegradable polymeric matrices has

shown great potential to overcome these challenges.9−11 This
approach provides a physical barrier that protects microbial
cells and facilitates their combination with fertilizers. Among
these polymers CMC stands out for its nontoxicity,
biocompatibility, water solubility, renewable origin, and low
cost, making it suitable for microbial encapsulation.12

However, its limited mechanical strength has led researchers
to explore reinforcement strategies.13

Cellulose nanocrystals (CNCs) have gained attention as
effective reinforcing agents, significantly improving the
mechanical properties of polymeric films. Reported strength
increases of up to 400% and rigidity enhancements of about
20% have been achieved with CNC incorporation into CMC
matrices.14 CNCs have also demonstrated potential for
microbial encapsulation, enhancing the shelf life and stress
tolerance of T. harzianum, including resistance to heat, UV
radiation, and fungicides.9,15 Additionally, the structural
integrity provided by CNCs makes these nanocomposites
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suitable as protective coatings on fertilizers, allowing the
codelivery of microbial inoculants and chemical inputs.
Therefore, this study aimed to develop and characterize

polymeric matrices based on CMC reinforced with CNC for
the encapsulation of the biocontrol agent T. harzianum. These
matrices were applied as coatings on MAP fertilizer granules to
create a multifunctional delivery system, enabling the
coapplication of biological and chemical products while
enhancing microbial viability and stability in agricultural
applications.

■ MATERIALS AND METHODS

Materials
The encapsulating matrices were prepared using CMC (average
viscosity, 2040 cps; degree of substitution, 0.7; molecular weight,
265,000 g mol−1) obtained from Synth (Brazil). CNCs were used as a
reinforcing agent and supplied by Celluforce (Canada). According to
the manufacturer, the CNCs were produced by sulfuric acid

hydrolysis (64% w/v), which introduced half-ester sulfate groups
onto their surface. The CNCs exhibited a nominal average diameter
of 7.5 nm, a length of 150 nm, and an aspect ratio (L/D) of
approximately 20. T. harzianum LQC99, obtained from the Embrapa
Meio Ambiente culture collection (Brazil), was selected as the model
microorganism for encapsulation due to its well-established role as a
biocontrol agent and plant growth promoter.16,17 This species is
widely recognized for its ability to enhance root development and
nutrient solubilization while inducing systemic resistance in
plants.18,19

Film Production

The polymeric films were produced using the casting method, which
involved preparing the polymeric dispersion followed by oven drying.
For CMC-only films, dispersions containing 1.5% CMC (w/v) in 100
mL of distilled water were stirred at 850 rpm for 5 h. Approximately
100 mL of the dispersion was then evenly distributed onto a Petri dish
(diameter 21 cm) and dried at 30 °C in an oven without air
circulation for 48 h, to prevent bubble formation (Figure 1a). For the
reinforced films, CNC (0.25% w/v) was first dispersed in water under

Figure 1. Schematic representation of the preparation of polymeric films by the casting method. (a) Without microorganism: dispersion of CMC
and CNC in water stirred at 850 rpm for 5 h, followed by drying in an oven at 30 °C for 48 h; (b) with microorganism: the same procedure as in
(a), including T. harzianum spores (109 spores g−1); (c) schematic representation of the coating process for MAP fertilizer granules. The process
involves mixing a polymer matrix containing CMC (1.5%), CNC (0.25%) and T. harzianum spores with uncoated MAP granules in a rotating pan
coater under controlled temperature conditions.
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agitation (850 rpm) before the addition of CMC (1.5% w/v),
following a similar protocol.
Microorganism Cultivation
The initial inoculum was prepared from stock cultures maintained at
ultralow temperature (−80 °C). The cultures were resuspended and
transferred to potato dextrose agar (PDA) plates, which were
incubated in a BOD chamber at 28 ± 2 °C for 6 days. After
incubation, spores were suspended in sterile saline solution (0.85%
NaCl). The spore concentration was determined using a Neubauer
counting chamber.9

Microorganism Encapsulation
To incorporate the microorganism into the matrices, all materials,
except the polymers, were sterilized by autoclaving at 121 °C for 15
min. The process was conducted under sterile conditions in a laminar
flow hood to avoid contamination. A spore concentration of 1.5 × 109
spores g−1 of polymer was added to both CMC (1.5%) and
CMC:CNC nanocomposite (1.5% CMC and 0.25% CNC). The
mixtures were stirred for 30 min to ensure homogeneity before being
evenly spread onto Petri dishes. The films were dried in an oven at 30
°C for 48 h (Figure 1b).
Fungal Growth Assay on PDA
To evaluate the growth of the encapsulated microorganism, small
films pieces (5 mm in diameter) were added to the center of a Petri
dish containing PDA medium. The fungal growth was monitored for 6
days to assess whether encapsulation affected fungal development,
comparing encapsulated spores with free spores. The films were
placed under aseptic conditions in a laminar flow hood and incubated
in a BOD chamber at 28 ± 2 °C for 6 days. The experiment was
conducted in triplicate.
Spore Release from Films
The release of T. harzianum from the polymeric matrices was
evaluated using film fragments. For this assay, 0.01 g samples of the
encapsulated material were transferred to 125 mL Erlenmeyer flasks
containing 10 mL of sterile saline solution (0.85% NaCl). The flasks
were incubated in an orbital shaker at 30 °C and 250 rpm. Samples
(10 μL aliquots) were collected at 0, 1, 2, 5, 15, and 30 days, and the
spore concentration was quantified using a Neubauer chamber. The
experiment was performed in biological duplicates and analytical
triplicates.
Viability of Encapsulated Microorganism during Storage
The encapsulated materials were stored in zip lock bags under two
temperature conditions: 4 °C (refrigerated) and room temperature,
for a period of 3 months. Samples were collected at 0, 1, 2, and 3
months for analysis. To determine viability, 0.1 g of material was cut
into small pieces and transferred to Erlenmeyer flasks containing 50
mL of saline solution (0.85% NaCl). Spore release was performed by
incubating the flasks for 24 h at 30 °C. Subsequently, the samples
were subjected to serial dilutions and inoculated onto PDA plates.
Colony counts were performed after 24 h of incubation at 28 °C, and
the Colony Forming Units per gram (CFU g−1) were determined
visually.
Coating of MAP Granules
MAP granules (diameter: 2.8−3.3 mm) were provided by Adubos
Vera Cruz Ltd.a (Brazil). Three different coating formulations were
prepared for application: a CMC matrix, a CMC:CNC matrix, and a
sugar syrup control. The sugar syrup treatment was included as a
proxy for traditional on-farm practices, in which simple adhesives or
carbon-rich solutions are commonly used to attach microbial powders
to seeds or solid fertilizers.20,21 First, the polymeric dispersions were
loaded with the microorganism. A spore concentration of 1.5 × 109
spores g−1 of polymer was incorporated into both the CMC (1.5% w/
v) and the CMC:CNC nanocomposite (1.5% CMC and 0.25% CNC)
dispersions. For the control, a solution was prepared by dissolving 10
g of sugar in 100 mL of water at 100 °C. After the solution cooled to
30 °C, 6.6 mL of a T. harzianum suspension was added to achieve a
final concentration of 1.5 × 109 spores g−1. This procedure ensured

that the total spore load was consistent across all treatments, allowing
direct comparison between the polymer based protective matrices and
the conventional adhesive approach.22 The coating process followed
the methodology by Bortoletto-Santos et al.,23 (Figure 1c). Briefly,
150 g of MAP granules were placed in a coating pan rotating at 30
rpm, with heated airflow maintained at 30−35 °C. A total of 10% by
mass of the respective coating dispersion (polymer-to-fertilizer ratio)
was applied to the granules using a Pasteur pipet. The morphology of
the coating layer formed on the granules was analyzed using SEM.

Fungal Growth from Coating Process
The ability of the fungus to grow from the coated granules was
evaluated under two experimental conditions: (i) immediately after
coating and (ii) after a one month storage period. For the initial
condition, MAP granules were tested 24 h after the coating process.
For the storage condition, a separate batch of coated granules was
stored for 30 days at room temperature in sealed bags prior to testing.
In both cases, a single coated granule was placed in the center of a
Petri dish containing oat culture medium. The plates were then
incubated at 28 ± 2 °C in BOD, and fungal growth was monitored for
6 days. All assays were conducted in triplicate under sterile conditions.

Scanning Electron Microscopy (SEM) on Films without and
with Microorganisms
The surface morphology of the films was evaluated by Scanning
Electron Microscopy (SEM) (JEOL JSM-6510). Samples were
mounted on aluminum stubs, secured with carbon adhesive tape,
and coated with a thin layer of gold using an ion sputter coater
(BALTEC Med. 020). The SEM analyses were performed at an
acceleration voltage of 5 kV using a secondary electron detector.

Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC) on Films without and with
Microorganisms
The thermal behavior of the films was evaluated by TGA and DSC
(SDT−TA Instruments, Model SDT650). Approximately 5 mg of
each sample was placed in a platinum crucible and heated from room
temperature to 800 °C at a heating rate of 10 °C/min under a
nitrogen atmosphere with a flow rate of 100 mL/min.

Fourier Transform Infrared Spectroscopy (FTIR) on Films
without and with Microorganisms
The chemical characterization of the films was obtained by FTIR,
using the Bruker Vertex 70 spectrometer equipped with an attenuated
total reflectance (ATR) accessory. Spectra were recorded in the range
of 4000−400 cm−1, with 32 scans per sample at a resolution of 4
cm−1. All spectra were normalized at approximately 1020 cm−1 for
consistent comparison.

Mechanical Analysis
The tensile properties of the films (without microorganisms) were
evaluated using a universal testing machine (EMIC, model DL-3000)
equipped with a 50 kgf load cell. The analysis was performed based on
ASTM standard D882−01, with five replicates for each sample. The
initial grip distance was set at 12 cm, and the tensile speed was 25
mm/min. Maximum tensile strength, strain at break, and Young’s
modulus were determined from the resulting stress−strain curves
using the equipment’s software. Young’s modulus was calculated from
the slope of the initial linear region of the curve.

■ RESULTS AND DISCUSSION

Formulation Selection of the Films

To establish an optimal formulation for the encapsulation
matrix, a preliminary screening was conducted by varying the
concentrations of CMC and CNC, with the key observations
summarized in Table 1. Representative images of the films
obtained during this screening process, illustrating the
transition from low structural integrity to optimal uniformity,
are provided in Figure S1 (Supporting Information). First,
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different concentrations of pure CMC were evaluated. While
lower concentrations (0.5% and 1.0% w/v) resulted in films
with poor structural integrity, higher concentrations (≥2.0%
w/v) produced dispersions with excessively high viscosity,
which impaired processability. Consequently, 1.5% (w/v)
CMC was selected as the optimal base concentration, as it
provided good structural integrity and ease of processing and
application. Subsequently, with the CMC concentration fixed
at 1.5%, various concentrations of CNC were added as a
reinforcing agent. The addition of 0.25% (w/v) CNC resulted
in films with improved mechanical performance and visual
uniformity. In contrast, higher CNC concentrations (≥0.5%
w/v) led to visible aggregation and a nonuniform matrix.
Therefore, the formulation composed of 1.5% CMC and 0.25%
CNC was selected for all subsequent studies.
Morphological Characterization of the Films
The CMC and CMC:CNC matrices produced films with
homogeneous morphology and sufficient structural integrity
for handling and subsequent coating. As illustrated by the
insets in Figure 2, there were distinct visual differences
between the films with and without the microorganism. The
films without T. harzianum were translucent and largely
colorless (insets in Figure 2a,b). In contrast, films containing
the encapsulated spores exhibited an opaque appearance and a

distinct greenish aspect, attributable to the natural pigmenta-
tion of the fungus (insets in Figure 2c,d).
The surface morphology of the films without micro-

organisms is shown in Figure 2a,2b. Pure CMC films (Figure
2a) demonstrated a smooth, compact, and regular surface, with
no detectable defects within the resolution limits of the SEM
analysis. In contrast, CMC:CNC nanocomposite films (Figure
2b) exhibited some surface particulates, likely related to
challenges in achieving complete CNC dispersion within the
polymeric matrix. Although these particulates are not
uncommon in nanocomposite formulations, their presence,
particularly at higher concentrations, can act as localized stress
points and affect mechanical performance.24 Nevertheless,
their limited presence in the selected formulation for this study
did not appear to compromise the overall integrity of the films,
as discussed in subsequent sections.
In the films containing microorganisms (Figure 2c−2f), T.

harzianum spores were successfully encapsulated within the
polymeric matrices. The incorporation of the microorganism
resulted in alterations to the surface morphology, resulting in
increased heterogeneity and the presence of visible particles
corresponding to the fungal spores (Figure 2e,2f). The spores
displayed a uniform size of approximately 2 μm calculated
using ImageJ software (Figure 2e,2f), aligning with the
dimensions reported by Muñoz-Celaya et al.,25 These results
indicate the efficacy of the encapsulation process.
Thermogravimetric Analysis (TGA)

The thermal stability of the films (without and with
microorganisms) was investigated using TGA, with the
degradation curves and their derivatives (DTG) shown in
Figure 3a,3b, respectively. All formulations exhibited a
characteristic multistage degradation profile.
The first mass loss stage, occurring between 40 and 160 °C,

corresponds to the evaporation of adsorbed water due to the
hydrophilic nature of the polymers.26 The initial thermal
degradation event was observed to occur above 220 °C,
resulting in mass losses ranging from ∼12% to ∼15%. These
losses can be attributed to the degradation of the
polysaccharide side chains and the release of CO2.

27 The
temperature range and the extent of mass loss observed are
consistent with the thermal decomposition behavior of
polysaccharides, where the scission of glycosidic bonds and

Table 1. Preliminary Screening of Film Formulations and
Their Observed Properties

CMC (%,
w/v)

CNC (%,
w/v) observed characteristics

Screening of CMC Concentration
0.5 0 low structural integrity and high friability
1.0 0 weakened structure; prone to fragmentation
1.5 0 good structural integrity and easy handling
2.0 0 high dispersion viscosity impairs processability
2.5 0 excessively high viscosity limits processability

Screening of CNC Concentration (with 1.5% CMC)
1.5 0.1 properties similar to pure CMC; no significant

changes
1.5 0.25 improved mechanical performance and visual

uniformity
1.5 0.5 dispersion issues with visible aggregates
1.5 1.0 strong aggregation limits uniformity

Figure 2. Scanning electron microscopy (SEM) micrographs of the surfaces of films. (a) without microorganism CMC film and (b) without
microorganism CMC:CNC film. (c, e) CMC film with encapsulated T. harzianum at different magnifications. (d, f) CMC:CNC film with
encapsulated T. harzianum at different magnifications. Insets show the corresponding visual appearance of each film.
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the decarboxylation of functional groups are common
processes.
In the second thermal degradation stage, which involved

mass losses of ∼24% to ∼26%, the decomposition of the
polymer’s main chains was observed. This event aligns with
findings from ref 28. Notably, the onset temperatures for the
first and second thermal degradation events differed between
the CMC:CNC nanocomposites and the pure CMC films. For
the nanocomposites, the degradation began at ∼235 °C and
∼264 °C−274 °C (without and with microorganisms,
respectively), whereas for the pure CMC films, it started at
∼245 °C and ∼268 °C−278 °C (without and with
microorganisms, respectively). This difference is likely due to
the presence of sulfate groups on the CNC surface, introduced
during sulfuric acid hydrolysis. These groups can reduce the
thermal stability of cellulose by facilitating dehydration
reactions.29

Notably, the onset temperatures for thermal events were
slightly lower for the CMC:CNC nanocomposites compared
to pure CMC films. Despite this, CMC:CNC films
demonstrated a 10% reduction in total mass loss, suggesting

enhanced thermal stability due to interactions between CMC
and CNC, aligning with findings from Kumar et al.,30 and
Yadav et al.31 Furthermore, a 10% decrease in the total mass
loss was observed in the CMC:CNC films, which highlights
the formation of hydrogen bonds between CMC and CNC, as
demonstrated by Mandal et al.32

The incorporation of T. harzianum into the polymeric
matrices resulted in similar thermal behavior between the films
without the microorganism. While minor differences in mass
loss curves were observed, the overall profiles of the matrices
remained comparable. As shown in Figure 3a, the substantial
overlap in the thermal degradation curves suggests a strong
interaction between the microorganism and the polymeric
matrices.
Differential Scanning Calorimetry (DSC)

The thermal transitions of the films were further investigated
by DSC, with the results presented in Figure 3c. Films
(without microorganisms) showed two distinct endothermic
events: a broad peak between 80−247 °C, corresponding to
the evaporation of absorbed and bound water and a second

Figure 3. Thermal and chemical characterizations of CMC and CMC:CNC with and without microorganism: (a) Thermogravimetric analysis
(TGA), (b) derivative thermogravimetry (DTG), (c) differential scanning calorimetry (DSC), and (d) Fourier transform infrared spectroscopy
(FTIR) showing the thermal stability and chemical composition of the polymer matrices with and without the encapsulated microorganism.
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peak between 247−340 °C, attributed to the thermal
degradation of the polymer components.33

In contrast, films containing T. harzianum exhibited a
prominent exothermic peak between approximately 150−340
°C, indicating overlapping degradation processes involving
both the polymeric matrix and the microbial cells.33 A
comparison between CMCspores and CMC:CNCspores formula-
tions revealed that the peak degradation temperature for the
nanocomposite (254 °C) was slightly lower than that of the
CMCspores film (260 °C). This finding is consistent with the
TGA results and is likely attributed to the presence of sulfate
groups on the CNC surface, which can catalyze cellulose
degradation and thus lower the onset temperature.33,34

Furthermore, the observed discrepancies in thermal profiles
between films (with and without microorganisms) may also be
due to the complex presence and/or interaction between the
microorganisms and the polymeric matrices, potentially
influencing the degradation pathways or altering the heat
capacity of the system.
Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of films formed from the dispersion of CMC
materials and the nanocomposite, both with and without
microorganisms, as shown in Figure 3d, exhibited characteristic
cellulose bands and demonstrate a chemical structure similarity
between CMC and CNCs, in accordance with the
literature.33,35

For pure CMC films, the bands at 3329 cm−1 can be
attributed to the stretching of hydroxyl groups (−OH) in
cellulose.9,33,35 The bands at 2886 cm−1 correspond to C−H
stretching vibrations,36 while the absorption band at 1594
cm−1 is due to the asymmetric stretching vibrations of the
carboxylate group.37 Bands at 1411 cm−1 and 1323 cm−1 are
attributed to CH2 stretching and −OH bending vibrations,
respectively. The band ranging from 1035 cm−1 is associated
with the C�O stretching in the polysaccharide backbone.38

The incorporation of CNCs into the polymeric matrices led
to the appearance of a small, but characteristic, peak at
approximately 810 cm−1 in the FTIR spectra of the
nanocomposite films. This peak is typically attributed to the
C−O−S group of sulfate ester present on the CNC
surface,9,39,40 providing direct evidence of the successful
incorporation of CNCs into the CMC matrix. Despite this
discernible feature, the overall spectral profile of the nano-
composites showed no other significant alterations, a result of
the high degree of structural similarity between CMC and
CNC, which causes their characteristic peaks to overlap,
alongside the relatively low content of CNC within the
nanocomposites.
Following the incorporation of the T. harzianum fungus into

the matrices, two peaks at 2350 cm−1 and 2148 cm−1 appeared.
These peaks are attributed to nitrogen bonds of the amide
type, resulting from C−N stretching and N−H deformation
vibrations in the amide group. This observation is consistent
with the presence of proteins in the fungal structure, as
microorganisms contain amino acids with characteristic amide
bonds.41

This observation suggests a possible modification in the
chemical composition or molecular interactions in the
presence of T. harzianum, which may be relevant for
characterizing and understanding the properties of the
encapsulated polymeric films. A study by Maruyama et al.42

also documented a single peak shift to 3681 cm−1, suggesting

an interaction between the fungus and microparticles during
the encapsulation of T. harzianum in alginate beads.
Mechanical Analysis
Mechanical analysis is essential for evaluating the properties of
polymeric films used in the encapsulation of microorganisms in
agriculture, as it ensures the strength, flexibility, and integrity
required to withstand handling, storage and field application.
The incorporation of reinforcing agents, such as CNCs, has
been reported to significantly enhance mechanical performance
by preventing structural collapse and improving stress
resistance.26,43

The mechanical behavior of CMC films and CMC:CNC
nanocomposites was evaluated, and the results are summarized
in Table 2. The incorporation of CNCs significantly improved

both tensile strength and Young’s modulus compared to the
pure CMC film, indicating stronger and stiffer materials. The
pure CMC film exhibited a tensile strength of 52.23 MPa and a
Young’s modulus of 1980.8 MPa, with an elongation at break
of 6.58%, suggesting a material with moderate rigidity and
flexibility. After CNC incorporation, the nanocomposite film
reached a tensile strength of 94.39 MPa and a Young’s
modulus of 2886.0 MPa.
This considerable increase in strength and stiffness is

primarily attributed to strong interfacial interactions between
the functional groups of CMC (hydroxyl and carboxyl) and the
hydroxyl groups on the CNC surface, resulting in the
formation of hydrogen bonds.32 Moreover, the introduction
of new sulfate groups during sulfuric acid hydrolysis of CNCs
can further enhance these interactions, contributing to the
overall improvement in mechanical properties.43,44

Conversely, a reduction in elongation at break was observed
in the CMC:CNC nanocomposite, from 6.58% in pure CMC
to 2.95%. This behavior reflects the typical trade-off between
flexibility and reinforcement, where the rigid nanocrystals
restrict polymer chain mobility, thereby increasing tensile
resistance while decreasing elongation capacity. Similar
findings have been reported by El Achaby et al.,35 who
observed a significant enhancement in tensile strength and
modulus after incorporating CNCs into CMC matrices, albeit
at the cost of reduced flexibility.
It is also important to note that excessive CNC loading may

lead to nanoparticle aggregation, impairing stress transfer and
diminishing mechanical properties. Concentrations above 5%
CNC have been associated with such detrimental effects.35

Thus, the 0.25% CNC concentration used in this study appears
to balance reinforcement and processability effectively.
Growth of the Microorganism in PDA and Release Profile
To confirm that the encapsulation process and subsequent
storage did not impair fungal viability, a growth assay was

Table 2. Mechanical Properties of CMC and CMC:CNC
Filmsa

films
tensile strength

(MPa)
Young’s modulus

(MPa)
elongation at
break (%)

CMC 52.23 ± 5.59b* 1980.8 ± 297.76b** 6.58 ± 1.66a

CMC:CNC 94.39 ± 8.13a* 2886.0 ± 506a** 2.95 ± 1.38b
aDifferent letters in the columns indicate a statistical difference
according to the Tukey’s test (P < 0.05). The letter accompanied by
(*) and (**) refers to the statistics of the Young’s Modulus and
Elongation at break, respectively.
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performed on films that had been stored for one month at
room temperature (Figure 4a). Upon analyzing the images,
similar growth rates were observed across all treatments,
indicating that encapsulation did not affect fungal develop-
ment. The consistent fungal growth observed suggests that the
polymeric matrices effectively protected the microorganism
during storage, ensuring its viability.
The release profile of T. harzianum in a liquid medium

(saline solution of 0.85% NaCl) from CMC and CMC:CNC is
presented in Figure 4b. The addition of cellulose nanocrystals
(CNC) had a pronounced effect on the release rate. The CMC
matrix released approximately 7.5 × 104 spores/mL after 2 h
while no detectable release was observed from the CMC:CNC
nanocomposite. After 15 days, the CMC matrix released 1.4 ×
106 spores/mL, a value near the initial inoculated concen-
tration (1.5 × 106 spores/mL). By day 30, the total release
from the CMC matrix increased to 2.4 × 106 spores/mL,
suggesting that some spores may have multiplied after release.

In contrast, the CMC:CNC matrix demonstrated a signifi-
cantly slower and more gradual release, reaching only 1.1 × 106
spores/mL after 30 days. This confirms that incorporating
CNC into the matrix effectively delayed the diffusion of spores,
creating a sustained-release system.
From an application-oriented perspective, the sustained

release profile of the CMC:CNC matrix is a highly desirable
feature for agricultural inoculants. Ideally, release kinetics
should be tailored to the application context and the
phytosanitary status of the crop. While a rapid release may
be advantageous for the immediate suppression of an active
disease, a sustained-release profile represents the ideal
condition for preventive applications, particularly when
microbial inoculants are delivered at planting.
In this preventive framework, the gradual release ensures

that T. harzianum remains persistently present in the
rhizosphere, allowing early root colonization and the establish-
ment of a protective barrier before pathogen challenge. This

Figure 4. (a) Growth of T. harzianum on a Petri dish after 6 days, comparing free spores with films of CMC and CMC:CNC, illustrating the
microorganism’s development under different encapsulation conditions; (b) release profile of the encapsulated T. harzianum from CMC and
CMC:CNC matrices over a 30-day period, demonstrating the release behavior of the microorganism from both matrices.

Figure 5. Viability of encapsulated T. harzianum in CMC and CMC:CNC matrices stored for period of 3 months. (a) Stored at room temperature;
(b) stored in the refrigerator, showing the maintenance of microorganism viability under different storage conditions.
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sustained presence also supports the induction of systemic
resistance (priming), a well-documented mode of action of
Trichoderma spp.17 Furthermore, controlled delivery is essential
to maintain stable microbial populations over time, avoiding
the rapid population declines commonly associated with burst-
release formulations.45

In the specific context of fertilizer coating, slow release
additionally prevents the sudden exposure of spores to high
osmotic stress in the vicinity of fertilizer granules, preserving
microbial viability until successful establishment in the soil
environment.15,46,47 The 30-day release period observed in this
study appears notably more prolonged than that of other
biopolymer systems. For instance, hydrogel capsules based on
alginate and pectin were shown to release the majority of their
Trichoderma conidia within the first 5 to 72 h.46 Similarly,
chitosan-guar gum nanocomposites also demonstrated a
complete release profile over a 72 h period.45 This prolonged
release behavior can be attributed to the ability of CNCs to
reinforce the polymeric matrix and increase diffusion
tortuosity,47 an effect governed by strong interfacial
interactions and hydrogen bonding between the CNC
hydroxyl groups and the CMC chains, which anchor the
active agents and prevent an initial burst release.48 In addition,
CNC incorporation reduces the free volume within the
polymer network, directly affecting swelling-driven transport
and further regulating the diffusion of encapsulated bio-
components into the external medium.49 Therefore, the
CMC:CNC matrix is a promising candidate for developing
effective inoculants that require gradual and continuous
microbial delivery over time.
Viability of the Microorganism during Storage

Shelf life is a crucial factor in the commercial production of
biological agents, particularly in agricultural applications, where
the preservation of microorganism viability is essential for their
effectiveness in the field. Encapsulation has been recognized as
an effective strategy to enhance microbial stability, improving
both durability and performance.
As shown in Figure 5, the encapsulation provided a

significant protective effect under both storage conditions,
with the most pronounced impact observed at room
temperature. When stored at room temperature (≈30 °C),
which represents a particularly challenging condition for

microbial stability, free spores showed a severe viability loss
of 3 orders of magnitude, finishing at 6.9 × 106 CFU/g.
Conversely, the CMC and CMC:CNC formulations protected
the microorganism, exhibiting only a one-order magnitude
reduction to finish at 6.8 × 108 CFU/g and 6.4 × 108 CFU/g,
respectively. Even under refrigeration (4 °C), where conditions
were more favorable, the benefit of encapsulation was clear; the
viability of free spores decreased by 2 orders of magnitude to
8.0 × 107 CFU/g, while the encapsulated formulations
declined by only one, maintaining high counts of 9.6 × 108
CFU/g (CMC) and 7.9 × 108 CFU/g (CMC:CNC).
The enhanced stability of the encapsulated spores can be

attributed to the protective properties characteristics of the
polymeric matrix. The hygroscopic nature of CMC likely acted
as a physical barrier, controlling water activity and mitigating
osmotic stress and dehydration damage, which is a key
protective mechanism for biopolymers.50 Notably, the
performance of the CMC:CNC formulations under ambient
storage conditions surpassed that of conventional alginate-
based systems. While our formulations exhibited only a one-
order-of-magnitude reduction in viable spores after 3 months
at room temperature, previous studies have reported a
complete loss of viability under comparable conditions. For
instance, Maruyama et al.42 observed that T. harzianum
encapsulated in dried alginate beads showed no detectable
viability after 90 days at 30 °C, and Locatelli et al.51 similarly
reported that alginate/glycerol and alginate/polyphosphate
formulations lost all viability after 2−4 months at 28 °C. In
contrast, our CMC:CNC matrix maintained cell concen-
trations above 108 CFU g−1 after 3 months, demonstrating its
protective capacity and making it an excellent candidate for
inoculant formulations requiring extended shelf life under
nonrefrigerated conditions.
Thus, both CMC and CMC:CNC formulations were

effective in maintaining high viable cell concentrations of T.
harzianum throughout the 3-month storage period. This is
particularly relevant for microbial inoculants, as both
formulations maintained viable counts within the range of
105 to 109 CFU/g, a commonly accepted standard for
biological control products according to European guide-
lines.52 While the new Brazilian legislation (Law No. 15.070/
2024) focuses on broader regulatory frameworks rather than
specific numerical thresholds, the high viability levels

Figure 6. Appearance of granules of monoammonium phosphate (MAP) (a) uncoated; (b) coated with CMC; (c) coated with CMC:CNC. SEM
image of the surface of MAP granules (d) uncoated (e) coated with CMC. SEM image of the fracture (f) coated with CMC (g) coated with
CMC:CNC.
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maintained by these formulations are fully consistent with
established international criteria for effective microbial
bioinoculants.
MAP Fertilizer Coating

The successful coating of MAP fertilizer granules was
confirmed by visual and microscopic analysis (Figure 6).
Visually, the uncoated granules appeared brownish, while those
coated with the CMC and CMC:CNC matrices exhibited a
slight whitish hue. SEM revealed that the uncoated granules
had a rough, porous surface (Figure 6d), whereas the coated
granules were covered by a uniform polymer layer with an
average thickness of approximately 20.22 μm (Figure 6g). This
coating effectively smoothed the granule surface, reducing
irregularities. Such improvements in surface uniformity are
critical as they enhance the coating’s barrier properties, which
can minimize moisture penetration and reduce dust gener-
ation, typically associated with edges and nonuniformities of
uncoated granules, as previously noted by Liu et al.53

A growth assay was performed to confirm that the coating
process preserved the viability of the encapsulated fungus
(Figure 7). After 6 days of incubation using freshly coated
granules, the fungus exhibited robust and consistent mycelial
development for both polymer-based treatments, suggesting
that the polymer coatings facilitated fungal viability and

colonization. As expected, no fungal growth was observed for
the uncoated MAP granules (negative control), confirming
that the fertilizer itself is sterile and that all fungal development
observed in the other treatments originated exclusively from
the intentional inoculation. These results confirm the
compatibility between the biopolymeric matrices and the
microorganism, reinforcing their potential use as carriers in
bioformulations.
In contrast, although the sugar syrup formulation also

promoted fungal proliferation when freshly prepared, the
resulting colonies exhibited altered coloration and less uniform
pigmentation compared with the polymer-based treatments.
This behavior indicates that, while the sugar syrup allows initial
fungal growth, it does not provide a structured protective
environment comparable to the polymeric matrices. This
variation may be attributed to differences in nutrient
composition and availability provided by the sugar solution,
which can influence the physiology or sporulation pattern of T.
harzianum.
To evaluate the protective capacity of the coatings during

storage, the growth assay was repeated using granules that had
been stored for 30 days at room temperature (Figure 7). A
significant divergence in performance was observed relative to
the assay conducted using freshly coated granules. While the

Figure 7. Growth of T. harzianum from MAP granules on an oatmeal agar plate. Rows represent the MAP treatments: uncoated (negative control),
CMC-coated, CMC:CNC-coated, and sugar syrup−coated (farm-practice reference). Columns represent the evaluation stages: Day 0 (immediately
after placement of the granule on the culture medium), fungal growth after 6 days of incubation from freshly coated granules, and fungal growth
after 6 days of incubation from granules stored for 30 days at room temperature prior to testing.
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granules coated with the CMC and CMC:CNC matrices still
supported intense and homogeneous sporulation, demonstrat-
ing effective preservation of fungal viability, the sugar syrup−
coated granules exhibited sparse and irregular growth after
storage, reflecting a pronounced loss of fungal viability over
time due to the lack of an effective protective barrier between
the microorganism and the fertilizer matrix. As expected,
uncoated MAP granules again showed no fungal growth,
reinforcing their role as a sterility control.
This result highlights that traditional on-farm inoculation

methods, which rely on simple adhesives such as sugar
solutions,20,21 may provide limited protection against fertilizer-
induced chemical stress over time. Although sugar-based
stickers are widely used to facilitate initial adhesion, they do
not form a robust structural barrier, leaving spores vulnerable
to the high osmotic pressure generated during MAP
dissolution.
To further elucidate the underlying mechanism responsible

for this protective effect, the enhanced performance of
polymer-coated granules can be primarily attributed to physical
isolation and osmotic buffering provided by the polymeric
matrix. The CMC and CMC:CNC coatings form a barrier
between the microorganism and the saline and acidic
microenvironment generated during fertilizer dissolution,
thereby reducing exposure to osmotic shock and extreme pH
conditions. This mechanism is particularly relevant for T.
harzianum, which is sensitive to osmotic stress. In contrast,
more resilient microorganisms, such as endospore-forming
bacteria of the genus Bacillus, possess intrinsic physiological
mechanisms that confer tolerance to extreme salinity and pH.54

For these species, while encapsulation may not be essential for
immediate survival, polymeric coatings can still provide
functional advantages, including controlled release and
protection during handling and field application.15,55

Taken together, this demonstrated protective capacity
against fertilizer-induced stress, combined with the enhanced
shelf life and sustained-release profile, confirms that the
CMC:CNC nanocomposite is a robust and multifunctional
platform for the encapsulation and delivery of T. harzianum.
The developed matrices provide a protective barrier against
osmotic stress, improve storage viability relative to non-
encapsulated spores, and enable sustained microbial release
through CNC incorporation. These combined features directly
address key limitations associated with the practical deploy-
ment of microbial inoculants in fertilizer-based delivery
systems.
From a practical and translational perspective, the

application of the CMC:CNC coating is supported by the
industrial maturity and accessibility of its components. CMC is
a widely available, cost-effective biopolymer produced at
industrial scale and extensively used in sustainable material
applications. Regarding the cost−benefit balance of reinforce-
ment, the use of CNCs at low concentrations (0.25% w/v)
ensures that functional improvements in microbial protection
and controlled release are achieved with minimal impact on the
overall formulation cost.45 Furthermore, the production of
CNCs from biomass residues promotes the valorization of
agro-industrial waste, aligning the proposed technology with
circular bioeconomy principles.56 Collectively, these factors
indicate the potential of the proposed delivery system for the
development of biofertilizers.
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