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A B S T R A C T   

This study proposes the use of green matrices of cellulose nanocrystals (CNC) and a nanocomposite of CNC with 
carboxymethyl cellulose (CMC) for efficiently encapsulating the plant biocontrol agent Trichoderma harzianum. 
Beads containing spores of the microorganism were produced by dripping dispersions of the polymers into a 
CaCl2 coagulation bath, resulting in the crosslinking of CNC chains by Ca2+ ions. SEM micrographs evidenced the 
T. harzianum spores in the encapsulation matrices. X-ray microtomography confirmed the random distribution of 
the microorganism within the polymeric matrix and the presence of internal pores in the CNC:CMC:spores beads. 
Encapsulation in the CNC:CMC nanocomposite favored growth of the fungus after 10 days of storage at room 
temperature, which could be attributed to the presence of internal pores and to the extra carbon source provided 
by the CMC. The results indicated that CNC:CMC nanocomposites are promising materials for protecting and 
delivering microbial inoculants for agricultural applications.   

1. Introduction 

Increased crop productivity is crucial for meeting the growing global 
demand for food. Chemical fertilizers and pesticides are essential tools 
for enhancing agricultural production, but the uncontrolled use of these 
products can negatively affect the environment. Therefore, the chal-
lenge is to identify and develop more sustainable practices, such as 
biofertilization employing materials inoculated with beneficial micro-
organisms (Sammauria et al., 2020; Santos et al., 2019). These bio-based 
products contain living microorganisms that can increase nutrient 
availability and plant growth, act as biocontrol agents against phyto-
pathogens, mitigate the effects of stressful conditions (such as salt, 
drought, pH, and temperature), and/or release biostimulants and phy-
tohormones (Egamberdieva et al., 2017; Kour et al., 2020; Seenivasagan 
& Babalola, 2021). Among the microbial inoculants, the fungus Tricho-
derma harzianum has been widely reported as a biocontrol agent for 
important crops including soybean, wheat, and maize (Mona et al., 
2017; Saravanakumar et al., 2017; Zhang et al., 2016). For instance, its 
inoculation on soybean plants decreased the effect of the phytopathogen 
Sclerotinia sclerotiorum by 56 % (Zhang et al., 2016). T. harzianum can 
also act to increase nutrient solubilization and uptake by plants, as well 
as the release of phytohormones, enhancing the resistance of plants to 

stressful conditions (Ghorbanpour et al., 2018; Mona et al., 2017; Ye 
et al., 2020). 

The shelf-life of these bio-based products remains a challenge that 
can hinder their applications, with the inoculant formulation being of 
paramount importance. A suitable carrier should maintain the micro-
organism viable from the time of manufacture of the product until its 
targeted use (Kaminsky et al., 2019; Qiu et al., 2019). The encapsulation 
of microbial inoculants can provide a suitable medium for microor-
ganism delivery, protecting against weathering and other stresses, and 
ideally ensuring conditions for adaptation of the organism after appli-
cation on crops (Schoebitz et al., 2013; Vassilev et al., 2020). Natural 
polysaccharides such as alginate, chitosan, and starch have the advan-
tage of biodegradability (Vassilev et al., 2020). For instance, the use of 
alginate-based matrices for encapsulation can improve the microor-
ganism protection against some abiotic stresses, increasing the shelf-life 
(Locatelli et al., 2018; Maruyama et al., 2020). However, these bio-
polymers matrices usually present a unstable capsule structure or 
limited loading capacity (Vassilev et al., 2020). One way to address 
these problems is to use compositions with nanoparticles, such as 
nanocomposites (Kumar et al., 2021). For example, the use of 
nanocellulose-reinforced polymers can maintain complete biodegrad-
ability and improve the mechanical properties of the formulation, 
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enabling a wide range of applications (Nascimento et al., 2018). 
Carboxymethyl cellulose (CMC) has emerged as an ideal matrix for 

these nanocomposites, given its natural compatibility with nano-
cellulose structures (Oun & Rhim, 2017). Both cellulose nanocrystals 
(CNC) and CMC can be easily used to prepare capsules by different 
techniques (Calegari et al., 2022; Fitri et al., 2022; Levin et al., 2018; Nie 
et al., 2021). Therefore, the present work proposes the use of nano-
cellulose:CMC nanocomposite (CNC:CMC) as a system suitable for pro-
tecting T. harzianum, employed as a model microorganism. The results 
showed that the nanocomposite capsules could be prepared by a simple 
coagulation route, according to a straightforward dripping method. 
Following the encapsulation process, the protected T. harzianum was 
capable of growth after 10 days of dry storage at room temperature. The 
procedure could be extended to other microorganisms, making CNC: 
CMC a versatile and sustainable platform for the delivery of agricul-
turally relevant microorganisms. 

2. Materials and methods 

2.1. Materials 

Cellulose nanocrystals (CNCs) (Celluforce, Canada) and sodium 
carboxymethyl cellulose (CMC - medium viscosity and with a degree of 
substitution of 0.7) (Synth, Brazil) were used as the encapsulation 
matrices. The CNCs were obtained by hydrolysis with sulfuric acid (64 
wt%), leading to the addition of sulfate half-ester groups at the surface 
(Reid et al., 2017). According to the manufacturer, it has an average 
nominal diameter of 7.5 nm and a length of 150 nm, with an aspect ratio 
of 20. Calcium chloride (CaCl2) (Synth, Brazil) was used as the cross-
linking agent. Tween 80 (Dinâmica, Brazil) was employed to extract the 
spores of the filamentous fungus. All the materials were used as 
received. The Trichoderma harzianum LQC-99 strain was provided by 
Embrapa Environment (Brazil). 

2.2. Trichoderma harzianum cultivation and spore extraction 

Trichoderma harzianum LQC-99 was used as a model microorganism 
to evaluate the effects of encapsulation in CNC and CNC:CMC on a well- 
known microbial inoculant (Fraceto et al., 2018; Maruyama et al., 
2020). The spores were germinated at 28 ◦C in Petri dishes containing 
potato dextrose agar (PDA). After 7 days, a 1 % (w/v) Tween 80 solution 
was used to collect the spores, which were then concentrated by 
centrifugation for 10 min at 8000 rpm. The spore concentration was 
determined using a Neubauer chamber. 

2.3. Beads preparation 

A preliminary evaluation (reported in the Supplementary material) 
was used to define the CNC, CMC, and CaCl2 concentrations employed. 
Nanocomposite beads were produced by coagulation. For the reference 
samples without spores (Fig. 1a), CNC and CMC were dispersed in 
distilled water and stirred overnight, with final concentrations of 5 % 
(w/v) and 1.5 % (w/v), respectively. Dispersions of pure CNC and a 
CNC:CMC mixture (3:1 by volume) were evaluated as the primary ma-
terials of the encapsulation matrices. The process was carried out by 
dripping the polymeric dispersions into a 1 M CaCl2 coagulation bath, at 
room temperature, using a 3 mL syringe and a needle. CaCl2 is widely 
used as a crosslinking agent in the production of alginate beads (Lan 
et al., 2018). The Ca2+ ions can form ionic interactions between the 
negatively charged groups of cellulose (and its derivatives) and nano-
cellulose molecules (after previous functionalization of the polymers to 
induce charges), resulting in the formation of beads when the polymeric 
dispersion is dripped into CaCl2 solution (de Carvalho et al., 2016; 
Ferrari et al., 2021). The beads formed were kept in the salt solution for 
30 min, washed with distilled water to remove the excess salt, and then 
dried in an oven at 28 ◦C for 48 h. Additionally, some of the beads were 

lyophilized to remove residual water, prior to characterization using 
FTIR, TGA, and DSC techniques. 

For the encapsulation of the microorganism (Fig. 1b), all dispersions 
were previously autoclaved at 121 ◦C for 15 min, and the procedure was 
performed under sterile conditions in a laminar flow of air. A concen-
tration of 109 spores/g was added to the CNC and CNC:CMC dispersions, 
with stirring for 15 min and then dripping into 1 M CaCl2 solution. The 
beads were kept in the bath for 30 min, followed by washing with 
distilled water and storing in water in a refrigerator (at 4 ◦C). Some of 
the beads were also dried in an oven at 28 ◦C for 48 h and subsequently 
stored at room temperature. The encapsulation efficiency was deter-
mined using the Neubauer chamber to quantify the spores remaining in 
the CaCl2 solution after the coagulation process. 

2.4. Films preparation 

The thermal and chemical characteristics of the CNC, CMC, and CNC: 
CMC materials were investigated by preparing films after dispersion of 
the samples in water at concentrations of 5 % (w/v) CNC, 1.5 % (w/v) 
CMC, and CNC:CMC composite at a volume ratio of 3:1 (CNC dispersion: 
CMC dispersion). These solutions were stirred overnight until complete 
dispersion. For the contact angle measurements, T. harzianum spores 
were added to the dispersions at a concentration of 109 spores/g of 
material, under stirring for 15 min. The dispersions were then spread on 
Teflon plates and oven-dried for 48 h at 28 ◦C. 

2.5. Characterizations 

Morphological evaluation of the CNC and CNC:CMC beads with and 
without the microorganism spores was performed using an optical ste-
reomicroscope (Stemi 2000-C, Zeiss) and a scanning electron micro-
scope (SEM) (JSM-6510, JEOL). X-ray microtomography (Model 1172, 
SkyScan) was used to evaluate the internal structures of the bead 
matrices and the dispersions of CNC, CMC, and spores. Static water 
contact angle measurements (CAM 101, KVS Instruments) were per-
formed to evaluate the interactions of the CNC and CNC:CMC films with 
water, and to determine the effect of spore addition on the hydrophilic 
properties of the films. 

The thermal and chemical characterization of the beads and films 
(without the spores) was performed by thermogravimetric analyses 
(TGA – Q500 analyzer, TA Instruments), differential scanning calorim-
etry (DSC - Q100 analyzer, TA Instruments) and Fourier transform 
infrared spectroscopy (FTIR - Vertex 70 instrument (Bruker) equipped 
with an attenuated total reflectance (ATR) accessory). A detailed 
description of the characterization techniques is presented in Supple-
mentary material. 

2.6. Effect of encapsulation on microorganism growth 

The effect of encapsulation on the growth of the microorganism was 
assessed 10 days after the coagulation process. The beads (CNC and 
CNC:CMC matrices) containing the encapsulated microorganism, which 
had been kept in a refrigerator (wet) with temperature between 2 and 
6 ◦C or at room temperature (dry) with temperature around 25 ◦C, were 
placed in the centers of Petri dishes containing potato dextrose agar 
(PDA). The PDA solution was prepared according to the manufacturer 
(Acumedia, USA). After microorganisms' inoculation, the plates were 
kept in a Bio-Oxygen demand (BOD) incubator at 28 ◦C for 10 days. The 
development of the fungus was then followed by imaging analysis, using 
ImageJ software. For comparison, the solution of free spores that had 
been stored under refrigeration was also evaluated, using the same spore 
concentration as for the encapsulated spores. 
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Fig. 1. Schematic representation of production of the beads: (a) without the microorganism and (b) with the Trichoderma harzianum spores (109 spores/g).  
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3. Results and discussion 

3.1. Preparation and morphological characterization of the beads 

Fig. 1a shows the coagulation of the beads without T. harzianum and 
a schematic representation of the crosslinking mechanism, while Fig. 1b 
shows the process with encapsulation of the fungus. The spore encap-
sulation efficiency was 99.98 ± 0.01 %. It can be seen from Fig. 1a and b 
that the presence of T. harzianum in the matrix did not influence the size 
of the spheres. The average diameter of the wet beads was 2.58 ± 0.12 
mm, while the dried beads presented a lower average value of 1.57 ±
0.19 mm (Fig. 1b), due to moisture loss. The drying step was considered 
essential, since it could mitigate the effect of high temperature on cell 
viability (Fraceto et al., 2018; Su et al., 2008). It is believed that per-
forming the encapsulation process at lower temperatures results in less 
inhibition of the growth of microorganisms, including fungi of the genus 
Trichoderma, for which the best growth occurs at temperatures close to 
30 ◦C. Therefore, in addition to the thermal and chemical character-
izations of the beads, experiments were carried out to observe the 
growth of the microorganism in the presence of the different polymers. 

Morphological characterizations of the beads of pure CNC and the 
CNC:CMC nanocomposite, in the presence and absence of T. harzianum 
spores, were performed by stereomicroscopy (Fig. 2a and b) and SEM 
(Fig. 2c–e). The pure CNC beads presented a rougher surface, which 
could have resulted from the oven-drying process (at 28 ◦C for 48 h) and 
stronger ionic crosslinking interactions, while the surfaces of the CNC: 
CMC beads were less irregular. The CNC and CNC:CMC beads both 
exhibited a dense and compact microstructure, with some cracks on 
their surfaces. There was no evidence of agglomeration of the polymers 
(within the detection limits of the equipment), indicating good misci-
bility of CMC in the CNC matrix. Neither matrices (without the spores) 
showed a porous structure, which could be a result of the ionic in-
teractions (crosslinking) between the Ca2+ ions and the CNC, resulting 
in a denser structure (Huq et al., 2017; Nie et al., 2021). 

The spheres were fractured by immersion in liquid nitrogen, in order 
to be able to visualize the microorganisms inside the matrix structure by 

SEM analysis. The T. harzianum spores present within the capsules can 
be seen (green color) in Fig. 2d and e. The average spore diameter 
calculated using ImageJ software was 2.14 ± 0.22 μm, which was in 
agreement with the average size reported by Muñoz-Celaya et al. 
(2012). The green color of the beads with the encapsulated microor-
ganism resulted from addition of the T. harzianum spores (Fig. 1b). 

3.2. X-ray microtomography and contact angle analyses 

The X-ray microtomography results (Fig. 3) showed no evidence of 
agglomeration, indicating good dispersion of the components in the 
encapsulation matrix. Considering pores and cracks, all the beads pre-
sented a dense structure (within the detection limits of the equipment), 
with the exception of the CNC:CMC:T. harzianum beads, for which the 
structure was probably influenced by air bubbles trapped inside the 
matrix after the coagulation process. The addition of the concentrated 
spores solution, followed by the mixing process, resulted in the 
entrapment of some air bubbles within the encapsulation matrix, due to 
the high viscosity of the CNC:CMC dispersion (see the video provided as 
Supplementary material). 

The contact angle analysis indicated the interactions between the 
materials and water. Sodium CMC is water-soluble (Guo et al., 2019), 
while cellulose nanocrystals usually have strong affinity for water, 
although they do not dissolve in water (Vanderfleet & Cranston, 2021). 
As shown in Fig. 3, the CNC and CNC:CMC films both presented a con-
tact angle smaller than 90◦ (66.8◦ and 57.7◦, respectively), reflecting 
hydrophilic behavior. The smaller angles for the nanocomposite (CNC: 
CMC) could be explained by the addition of CMC, which has higher 
water affinity, compared to CNC (Mandal & Chakrabarty, 2019). The 
presence of spores did not change the wettability of the CNC:CMC film. 
However, for the CNC film, the addition of the spores caused the contact 
angle to decrease from 66.8◦ to 45.1◦. In all cases, the contact angles 
decreased after 60 s of interaction, especially for the nanocomposite film 
(with and without spores) and the CNC film with spores. Although the 
CNC and CNC:CMC films were hydrophilic, it is important to highlight 
that they presented higher water contact angles than obtained for 
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Fig. 2. Stereomicroscopy photomicrographs (a, b) and SEM micrographs (c–e), obtained at different magnifications, of the CNC and CNC:CMC nanocomposite beads 
with and without Trichoderma harzianum. The spores were colored green by the GIMP 2.10 software. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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alginate, the material most widely used for the encapsulation of mi-
crobial inoculants (Holler et al., 2018; Lavrič et al., 2021). This property 
could be attractive for agricultural applications, enabling slower and 
controlled release of the microorganism after application to crops 
(Campos et al., 2014; Vassilev et al., 2020). 

3.3. Thermal and chemical characterizations 

The results of the TGA and DTG thermal decomposition analyses of 
the samples are shown in Fig. 4a and b, respectively. All the films 
showed slight water evaporation at around 50–120 ◦C. The onset of 
thermal degradation of the CNC and CNC:CMC films occurred at 
~215 ◦C. The TGA curves showed mass losses in the first thermal 
degradation event of approximately 30 % for the CNC film (at 
215–275 ◦C) and 5 % for the CNC:CMC film (at 215–235 ◦C). These 
results reflected slower degradation of the composite, compared to the 
pure CNC, which could be explained by the existence of hydrogen bonds 
between CNC and CMC (pseudo-crosslinks between the polymers) 
(Mandal & Chakrabarty, 2019). In the temperature range 275–450 ◦C, 
the CNC film showed 25 % mass loss, compared to a value of approxi-
mately 50 % for the CNC:CMC film. Thermal degradation of the CMC 
film started at ~250 ◦C, with mass loss of around 20 % up to the 

maximum temperature of 500 ◦C used in the TGA measurements. The 
lower degradation temperature of CNC obtained by sulfuric acid hy-
drolysis, compared to CMC, has been reported previously (Choi & 
Simonsen, 2006; Li, Shi, et al., 2020). The higher surface area of CNC 
could act to increase the exposure to heat, consequently reducing the 
thermal stability (Hu et al., 2014). It has also been suggested that the 
concentration of the sulfuric acid used in the production of CNC in-
fluences the thermal degradation behavior of the resulting material 
(Gong et al., 2017). 

The thermal degradation profiles of the CNC and CNC:CMC beads 
were similar. In both cases, a water evaporation event occurred between 
50 and 120 ◦C, with mass losses of ~28 % and ~21 % for CNC and CNC: 
CMC, respectively. These higher water contents of the beads obtained 
using the crosslinking process with CaCl2 could have been due to the 
entrapment of water within the bead structures. Furthermore, since 
CaCl2 is a hygroscopic salt, its residues remaining in the beads could 
have acted to increase the water content. The onset temperature for 
thermal degradation of the beads (~175 ◦C) was lower than for the 
films. From 175 to 300 ◦C, the CNC beads presented a mass loss of 17 %, 
while the CNC:CMC composite beads lost ~22 %. Previous studies have 
also reported decreases in the thermal degradation onset temperatures 
of composites, compared to pure polymers, due to the effect of Ca2+

ionic crosslinking (Abitbol et al., 2021; Kumar et al., 2017; Uyanga & 
Daoud, 2021). 

Fig. 4c shows the DSC results for the films and beads. The endo-
thermic peaks in DSC curves, in the temperature range 50–150 ◦C, are 
usually related to heat adsorption as water evaporates from the mate-
rials (Asma et al., 2014; Lima et al., 2020). The DSC curve for the CNC 
film showed a shallow endothermic event. Although the hydroxyl 
groups on CNC attract water molecules, the presence of sulfate groups 
reduces the hygroscopicity of this material, leading to a smaller energy 
demand to evaporate water (Li, Shi, et al., 2020). In the case of CMC, the 
presence of hydroxyl and carboxylate groups increases the affinity for 
moisture absorption, leading to an increase in the width of the endo-
thermic peak corresponding to water evaporation (Mandal & Chakra-
barty, 2019). The curve for the CNC:CMC composite (Fig. 4c) showed an 
intermediate behavior of the endothermic peak. 

The behaviors of the DSC curves for the CNC and CNC:CMC beads 
were similar, with the ionic crosslinking process resulting in increased 
endothermic peak widths and temperatures for water evaporation. The 
CNC:CMC composite beads required higher energy absorption for water 
evaporation, compared to the pure CNC beads, due to the higher water 
affinity of CMC. Another endothermic event was observed at 
180–210 ◦C, for both types of beads. As found in the TGA analysis, these 
peaks were related to the thermal degradation of the materials. The 
main events observed by the TGA and DSC analyses are described in the 
Supplementary material (Table S2). 

Fig. 4d shows the FTIR spectra of the films formed by dispersing the 
materials (CNC, CNC:CMC, and CMC) in water and then oven-drying, 
together with the spectra for the lyophilized CNC and CNC:CMC 
beads. The spectra reflected the similar chemical structures of CNC and 
CMC. The spectra for the beads obtained after the crosslinking process 
showed an increase of the band at 3335 cm− 1 (ascribed to stretching of 
the -OH groups present in both CNC and CMC), compared to the spectra 
for the films. This could be explained by the Ca2+ crosslinking process, 
with formation of stronger hydrogen bonds between the CNC and CNC: 
CMC chains (Mandal & Chakrabarty, 2019; Nie et al., 2021). The in-
tensity of the -OH band was lower for CMC, because some of the -OH 
groups had been substituted by -CH2COONa during the production 
process (Alizadeh Asl et al., 2017). Bands at 2900 and 1630 cm− 1 were 
related to C–H stretching and -OH bending vibrations, respectively. The 
CMC spectrum presented a peak at 1587 cm− 1, attributed to the -COO−

group, which was not observed in the spectra for the other matrices (or 
was very small for CNC:CMC, due to the low CMC content). This peak 
was related to the carboxymethyl groups present at the CMC surface. 
Bands at around 1427 cm− 1 (1412 cm− 1 for CMC), 1371 cm− 1, and 

Fig. 3. X-ray microtomography images of the beads and water contact angles of 
the films, in the presence and absence of the microorganism spores: (a) CNC, (b) 
CNC:T. harzianum, (c) CNC:CMC, and (d) CNC:CMC:T. harzianum. 
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1315 cm− 1 were assigned to -CH2- symmetric bending and the bending 
vibrations of C–H and C–O groups at the ring, respectively (Kusmono 
et al., 2020; Mandal & Chakrabarty, 2019). Peaks in the range 
1000–1200 cm− 1 were attributed to ether group –O– stretching (Ali-
zadeh Asl et al., 2017).. A small peak at 811 cm− 1, observed in the 
spectra for all the samples with CNC, was related to the C-O-S group of 
sulfate ester, which was present on the surface due to the use of sulfuric 
acid hydrolysis in CNC production (Jasmani & Adnan, 2017; Kusmono 
et al., 2020). 

3.4. Effect of encapsulation on microorganism growth 

Fig. 5a shows the effect of encapsulation on growth of the fungus in 
the Petri dishes containing PDA, observed 10 days after the encapsula-
tion process. The CNC and CNC:CMC beads containing the microor-
ganism spores were previously stored wet (under refrigeration) and 
dried (at room temperature). The growth of the encapsulated microor-
ganism was compared to that of the free spores in solution, stored under 
refrigeration. For most of the conditions, with the exception of the dried 
CNC beads, the fungus was able to grow on the PDA, but at different 
growth rates. The fastest rate was observed for the refrigerated (wet) 
CNC:CMC beads (Fig. 5b), where the CMC present in the matrix pro-
vided an additional source of carbon for the microorganism (Bashan 
et al., 2014; Gelain et al., 2021). T. harzianum has been found to produce 
cellulases capable of degrading cellulosic substrates after 24 h of culti-
vation (da Silva Delabona et al., 2016; Li, Zhang, et al., 2020). There-
fore, the release of these enzymes could assist the microorganism in 
degrading the CNC:CMC matrix, enhancing its growth in the PDA me-
dium. In addition, as shown by the X-ray microtomography results 

(Fig. 3), the internal pores in the beads could act to increase diffusion of 
the spores from the beads to the PDA. 

The growth rate observed for the refrigerated (wet) beads was 
similar to, or better than, that for the free spores. Possible explanations 
were the extra protection that encapsulation provided against stress 
occurring during the storage period, as well as the additional carbon 
source present in the encapsulation matrix (Chanratana et al., 2018; He 
et al., 2015; Vassilev et al., 2020). It is also important to point out that 
the viability of the microorganism was affected by the storage temper-
ature and the drying process (Chanratana et al., 2018; He et al., 2015), 
since the fungus present in the refrigerated (wet) CNC beads was able to 
occupy the entire dish after 4 days, while the fungus in the dried CNC 
beads was unable to grow. It is also possible that the lower growth rate 
observed for the pure CNC beads, compared to the CNC:CMC composite, 
could have been influenced by damage to the cell membranes of the 
microorganism by the sharp edges of the CNC, causing cell inactivation 
(Noronha et al., 2021). The addition of CMC to the encapsulation matrix 
may have provided protection against this effect. 

Comparison of the dried/room temperature CNC:CMC with the 
refrigerated/wet CNC:CMC nanocomposite showed that the latter pre-
sented faster growth. The drying process and the storage at room tem-
perature could have decreased the viability of the fungus, because the 
spores had greater exposure to environmental factors such as tempera-
ture and humidity changes. However, it was expected that encapsulation 
would provide the cells with protection against these conditions. The 
lower water content within the matrix of the dried beads would lead to 
slower metabolic activity of the microorganisms, consequently 
decreasing the growth rate (which could assist in increasing the shelf-life 
of the product) (Santos et al., 2019), as well as reduce diffusion of the 
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cells from the bead matrix to the PDA medium. The compact structure of 
the dried beads, shown in the SEM micrographs (Fig. 2), could also have 
contributed to reducing diffusion of the cells. These attractive charac-
teristics would ensure the desired slow release of the microorganism, 
following application of the product to crops. 

4. Conclusions 

Beads composed of CNC and CNC:CMC nanocomposite were pro-
duced by ionic crosslinking using Ca2+ ions and were effectively 
employed for microbial encapsulation. Determination of the growth 
rates of the free and encapsulated microorganisms in PDA medium 
showed that the growth was influenced by the drying process and the 
storage temperature. The addition of CMC to the CNC matrix was 
essential for the growth of T. harzianum after storage under dry condi-
tions for 10 days following the encapsulation process. These results 
indicated that CNC:CMC beads are an attractive green matrix for the 
encapsulation of microorganisms used in the agricultural sector such as 
inoculants, biofertilizers and biocontrol agents. Benefits regarding an 
improved product shelf-life and protection against stress conditions are 
expected upon future application in the field. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.carbpol.2022.119876. 
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