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Abstract 
 

Biological control agents, such as Trichoderma harzianum, are widely used in sustainable agriculture. However, 

commercialisation and mass production of biocontrol products have remained a challenge, especially in viability and 

efficiency in field application. The encapsulation method has emerged as a sophisticated technique to develop the formulation 

of T. harzianum. Hence, encapsulation through extrusion was used to prepare T. harzianum beads. The physical characteristics 

comprising weight, diameter, and swelling ability of the beads were significantly improved when the starch percentage was 

increased. Alginate-montmorillonite-starch (10%) revealed the lowest shrinkage and the highest swelling ability. The 

interaction within the functional groups of alginate, montmorillonite, and starch was confirmed by the Fourier-transform 

infrared spectroscopic (FTIR) study. Furthermore, scanning electron microscopic analysis exposed compatible scattering of 

montmorillonite particles and starch granules over the alginate linkages. Meanwhile, the X-ray diffraction analysis confirmed 

the exfoliation between starch and montmorillonite. Storage of T. harzianum beads at 5°C was more suitable than storage at 

28°C. At low temperature, the encapsulated T. harzianum beads maintained their viability at 6.59 ± 0.12 log CFU g
−1

 for an 

effective threshold value for up to seven months. The current findings indicated that the combination of alginate, 

montmorillonite, and starch is the best formulation of encapsulated T. harzianum with improved conidia shelf life. © 2021 

Friends Science Publishers 
 

Keywords: Alginate-montmorillonite-starch; Biological control agents; Encapsulation; Extrusion; Shelf life; Trichoderma 

harzianum 
 

Introduction 
 

Sustainable agriculture practices emphasise environmental 

friendliness to adopt new sustainable methods, such as using 

microorganisms as biological control agents (BCAs) to 

control plant pathogens (Curtis et al. 2010). The BCAs have 

emerged as one of the preferred management strategies to 

reducing yield loss and is innocuous to human beings 

(Lecomte et al. 2016). The biggest challenges for BCAs to 

be competitive in the market than chemical fungicides are 

consistency, effectiveness, and shelf life. These issues can 

be solved through scientific development in formulating 

`BCAs (Kumar et al. 2019). 

Encapsulation is emerging as a sophisticated 

technology for the formulation of BCAs. The advantages of 

encapsulation include significantly prolonged shelf life of 

BCAs by offering protection or stabilisation from biotic and 

abiotic stress factors, such as soil antagonists, 

contaminations, temperature, dryness, and ultraviolet (UV) 

light; or from mechanical stress by altering physical 

properties and providing a beneficial microenvironment 

(Rathore et al. 2013). This technology helps to maintain the 

metabolic activity of BCAs for an extended period during 

storage and after application (Szczech and Maciorowski 

2016). Another important feature of encapsulation is the 

controlled release of the entrapped cells or spores (He et al. 
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2015), where they can be released by the factor of osmosis 

from the bead matrixor by the degradation of the 

encapsulation material. The released cells or spores can 

survive longer in the soil or with extended persistence, 

resulting in fewer applications and doses (Schoebitz et al. 

2012; Ma et al. 2015). The choice of carrier for the 

encapsulation matrix is an important factor determining the 

success of BCA encapsulation. 

Generally, biodegradable polymer materials, 

specifically natural polysaccharides such as alginate, gum, k-

carrageenan, and agar, are used as a matrix (Vemmer and 

Patel 2013). Among these compounds, alginate is most 

preferred for carrier encapsulation. It is originally from 

brown seaweed that consists of linear unbranched polymers 

β-(1→4)-linked D-mannuronic acid (M) and γ-(1→4)-linked 

L-guluronic acid (G) residues (Tavassoli-Kafrani et al. 2016). 

The characteristics of alginate, such as biodegradability, 

nontoxicity, biocompatibility, and ease of gelation with 

various cross-linking agents, render it a preferred carrier 

material for BCAs (Tam et al. 2011; Simó et al. 2017). 

However, like other hydrogels, the limitations of alginate 

include mechanical stiffness, distorted shape, varying size, 

and poor physical properties that make it unsuitable for 

providing long-term stability of the encapsulated cells 

(Sriamornsak et al. 2017; Rodrigues et al. 2020). 

Thus, to overcome these limitations, suitable filler is 

usually added to the formulation. It could be soluble, 

insoluble, or a combination of both. Fillers, such as 

montmorillonite and starch, were used to formulate 

encapsulated beads (Mohammadi et al. 2019). 

Montmorillonite is a three-layered mineral consisting of two 

tetrahedral layers sandwiched around a central octahedral 

layer (Itadani et al. 2017). It has several advantages, e.g., 

high cation exchange capacity, large surface area, excellent 

swelling ability, and is naturally present in soils, making 

montmorillonite a suitable filler encapsulation (Chevillard et 

al. 2012). Meanwhile, starch is a biodegradable 

polysaccharide, cheap and easily available (Riyajan 2017). 

The incorporation of fillers attracts great attention because 

of the noticeable improvements in the physical properties of 

the beads when loading is only between 1% and 3% 

(Fernandez-Perez et al. 2004). Moreover, fillers act as core 

substructure to curb shrinkage and result in the shape of the 

beads during the dehydration process (Singh et al. 2009). 

Trichoderma harzianum has a wide spectrum of 

antimicrobial activity. Depending on the strain, 

Trichoderma is known to (i) colonise the rhizosphere 

(rhizosphere competence) and concede acceleration 

establishment in the substantial microbial environment 

around the rhizosphere; (ii) restrain plant pathogens through 

diverse mechanisms (Ali et al. 2020; Khan et al. 2021); (iii) 

enhance plant growth (Javaid et al. 2021); and (iv) control 

root growth (Soresh and Harman 2008). Generally, their 

efficacy in the field is restricted due to the factors above. 

Therefore, this study was performed to encapsulate T. 

harzianum in alginate, montmorillonite, and starch 

formulation. The aims were to improve the physical 

properties and characterise chemical interaction of the 

materials used in the encapsulation formulation, and 

concurrently study the shelf life of the T. harzianum beads. 
 

Materials and Methods 
 

Encapsulation of T. harzianum in alginate-

montmorillonite-starch beads 
 

T. harzianum (UPMC 243) was obtained from the Microbial 

Culture Collection Unit at the Institute of Bioscience, 

Universiti Putra Malaysia. Twenty-five culture plates of T. 

harzianum were maintained on the potato dextrose agar 

(Becton, Dickinson and Company, USA) media at 28 ± 2°C. 

To get the conidial pellet, 10 mL of sterile distilled water 

was added into each of the seven-day-old T. harzianum 

culture plates, and the surface was scraped gently with a 

sterilised bent glass rod. The conidial suspension was 

centrifuged at 7000 rpm for 10 min (Wijesinghe et al. 

2011), and the beads were prepared using the extrusion 

technique (Raha et al. 2018). Accordingly, 2.5 g (1% w/v) 

of montmorillonite (K 10, Sigma-Aldrich) and 2.5 g (1% 

w/v) of starch (Becton, Dickinson and Company, U.S.A.) 

were dispersed together in 250 mL sterile distilled water and 

stirred for 24 h to form a homogenous solution. Then, 5 g 

(2% w/v) of alginate powder (Sigma-Aldrich) was added to 

the starch and montmorillonite solution and stirred for 2 h 

using a magnetic stirrer (Heidolph, Germany). 

Subsequently, T. harzianum conidial pellets were added to 

the mixture with continuous stirring for another 4 h to give a 

conidial concentration of 1.3 × 10
11 

mL
−1

. Finally, the 

mixture was dropped through a 10 mL pipette tip from a 15 

cm height into 0.5 M CaCl2 (Sigma-Aldrich) under constant 

stirring for gelation. After 2 h, the beads were taken out of 

the CaCl2 solution by sieving and washed several times with 

distilled water. The beads were then allowed to dry at room 

temperature for 24 h. The experiment was performed in a 

similar manner using 3%, 5%, and 10% (w/v) of starch, 

with a fixed amount of 2% alginateand1% montmorillonite 

(Bokkhim et al. 2016). 
 

Physical characterisation 
 

In total, 20 beads were measured, with five beads sampled 

randomly from each treatment (varying concentrations of 

starch). The weight of the beads was measured using a 

digital balance (Mettler Toledo, Switzerland) and expressed 

in milligrams (mg). The diameter of the beads was 

measured using a stereomicroscope (Leica Microsystems, 

Germany), and the bead shape was calculated using a 

sphericity factor (SF) (Chan et al. 2011a): 
 

  (1) 
 

Where, dmax is the largest diameter and dmin is the smallest 

diameter of the beads. 
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Shrinkage of encapsulated beads was determined using the 

following equation: 
 

  (2) 
 

Where, Dw is the diameter of the wet beads and Dd is the 

diameter of the dry beads. 

The swelling capacity or ability of the encapsulated 

beads was measured by suspending 20 dried beads from 

each concentration of starch in 10 mL of distilled water with 

five replicates under mild shaking for 24 h. The swollen 

beads were removed and pressed between two filter papers 

to remove the excess water and weighed on a digital 

balance. The swelling percentage was calculated using the 

following equation (Dai et al. 2019): 
 

 (3) 
 

Where, Ws and Wd are the weights of the swollen and dry 

beads, respectively. 
 

Chemical characterisation 
 

Alginate-montmorillonite-starch (10%) was chosen for 

chemical characterisation. The assessment was conducted 

using an FTIR spectrophotometer (Perkin Elmer 1650, 

U.S.A) via the KBr disc method. Each sample was 

pulverised, gently triturated with KBr powder at a weight 

ratio of 1:100, and then pressed using a hydrostatic press at 

10 tons for 5 min. The disc was placed in the sample holder 

and scanned from 4000 to 400 cm
−1

 at a resolution of 4 

cm
−1

. The internal morphology of the encapsulated beads 

was analysed using a scanning electron microscope (SEM; 

JEOL, U.S.A. and Leo 1455, Germany) at 1000× 

magnification. The X-ray diffraction (XRD) analysis was 

recorded using an XRD diffractometer (Siemens D-5000, 

U.S.A.) with Cu Kα (λ = 1.5418 Å) radiation at 40 kV and 

40 mA (Pawar et al. 2018). 
 

Entrapment efficacy, conidia release, and stability of T. 

harzianum beads 
 

A total of ten individual T. harzianum beads were taken 

from each starch concentration. The beads were mashed 

using a sterile mortar and pestle. An amount of 10 mL 

sterile distilled water was added to the resulting powder 

from the encapsulated beads. Serial dilutions were made, 

and 0.1 mL aliquots were plated on rose Bengal agar media, 

where all plates were incubated at 28 ± 2°C. The number of 

colonies formed after four days of incubation was recorded 

as colony-forming units (CFU) per encapsulated bead. The 

plate count was conducted in five replicates, where the 

average was considered the final value of CFU per T. 

harzianum encapsulated beads. 

Conidial release of T. harzianum encapsulated beads 

over time were determined by suspending 100 mg of T. 

harzianum beads in 10 mL sterile distilled water followed 

by incubation for 2 h with mild agitation at 160 rpm. Serial 

dilutions of the suspension were made, and 0.1 mL aliquots 

were plated on a rose Bengal medium, followed by 

incubation at 28 ± 2°C. The number of colonies formed 

after four days of incubation was recorded as CFU g
-1

 and 

expressed as log CFU g
-1

 of encapsulated beads. The plate 

count was conducted in five replicates. The final value of 

CFU g
-1 

T. harzianum was the average of the five readings. 

The experiment was repeated at different incubation times 

of 4, 8, 12, 24, and 48 h. The stability of T. harzianum in the 

encapsulated formulation was determined via a similar 

procedure of conidia release. The incubation time was 24 h, 

and measurements were made at monthly intervals 

throughout the 12-month storage period. 

 

Statistical analysis 

 

The data were analysed using a one-way analysis of 

variance (ANOVA) with Statistical Analysis Software 

(S.A.S.) 9.2. The effect of the treatment was considered 

significant at P ≤ 0.05. Statistical analyses of t-test and f-test 

were applied to determine the significance of the treatment, 

while the mean comparison was performed according to the 

least significant difference (LSD) method. 

 

Results 
 

Physical characterisation of the alginate-

montmorillonite-starch 

 

The physical appearance of the beads prepared with 

different concentrations of starch as filler in alginate-

montmorillonite-starch combination is tabulated in Table 1. 

Significant differences (P ≤ 0.05) in weight and diameter of 

encapsulated beads and positive correlation (R
2
 = 0.95) were 

observed with the increased amount of starch from 1% to 

10%. The weight increased from 2.79 ± 0.10 to 7.27 ± 0.25 

mg, while the diameter increased from 1.39 ± 0.06 to 1.94 ± 

0.03 mm (Table 1). The sphericity factor (SF) was used to 

determine the shape of the beads because it can accurately 

detect the change of the beads. The SF varied from zero (for 

a perfect sphere) to one (for an elongated structure). Table 1 

shows the SF of beads in the range of 0.03 ± 0.002 to 0.07 ± 

0.009, indicating that most of the beads are spherical. The 

best spherical shape is noted in beads with 10% starch 

modification. 

Similarly, significant differences (P ≤ 0.05) in beads 

shrinkage are noted between alginate-montmorillonite-

starch (1%), alginate-montmorillonite-starch (3%), and 

alginate-montmorillonite-starch (10%) (Table 1). Increasing 

the starch concentration will affect the shrinkage 

characteristic, where the level of shrinkage is reduced by 

25%. In comparison, the bead swelling for the starch 

concentration at 1%, 3%, and 5% did not exhibit any 

statistical differences (P ≤ 0.05). However, alginate-

montmorillonite-starch (10%) showed a significant 
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difference (P ≤ 0.05) than other treatments, with the 

swelling ability increasing by approximately 8% (Table 1). 

 

Chemical characterisation of alginate-montmorillonite-

starch 

 

The FTIR study revealed a broad band spectrum for all 

samples in the region between 3270 and 3330 cm
-1

 

attributed to the O–H stretching of water molecules. 

Alginate characteristic peaks at bands 1602 and 1424 cm
−1 

refer to the asymmetric and symmetric COO
−
 stretching, 

while the peak at 1024 cm
-1

 is attributed to the C–O–C 

stretching (Fig. 1). The characteristic montmorillonite peaks 

observed at 3620 cm
-1 

is attributed to the Si–OH stretching, 

while the following peak at 1633 cm
-1 

is of the OH bending 

of water molecules. The peak observed at 1028 cm
-1 

is 

attributed to the Si–O–Si stretching, while the Si–O bending 

vibrations are seen at 522 and 453 cm
−1

. The characteristic 

peak for starch observed at 2930 cm
−1 

is attributed to the C–

H stretching. Meanwhile, the peaks observed at 1156 and 

1006 cm
−1 

represent the C–O and C–C stretching of the 

starch polymer glucose unit. 

The internal morphological structure of alginate has a 

uniform interpenetrating alginate linkage, which is dense 

and packed (Fig. 2a). Montmorillonite has an irregular 

plate-like pattern of hundreds of micrometres in two-

dimension, length, and width (Fig. 2b), while starch shows 

round polygonal shapes sized at 12.93 µm (Fig. 2c). The 

surface area of starch is 0.014 m
2
g

−1
, with a pore diameter of 

2588 Å, while the montmorillonite surface area is 227.56 

m
2
g

−1
, with a pore diameter of 60.68 Å. Although no surface 

area was recorded for alginate due to the hydrogel linkage, it 

has a pore diameter of 175.24 Å. The morphology of 

alginate-montmorillonite-starch beads showed a 

homogenous distribution of starch particles in the matrix 

(Fig. 2d), with the surface area and pore diameter of 4.462 

m
2 
g

−1
 and 43.27 Å. 

The X-ray diffraction analyses of alginate, 

montmorillonite, starch, and alginate-montmorillonite-

starchare shown in Fig. 3. The characteristic sharp peak of 

montmorillonite at 2θ of 8.8° corresponded to a d-spacing 

value of 5.04 Å. The interlayer spacing of the 

montmorillonite structure is in the diffraction range between 

2° and 10°. Meanwhile, the d-spacing value of starch is 2.96 

Table 1: Comparison of physical appearance, weight, diameter, shrinkage, shape factor, and swelling ability of alginate–montmorillonite–

starch beads with varied starch concentrations 
 

Starch content (%) 1 3 5 10 

 

 
Physical appearance 

 

 

    
Weight (mg) 2.79 ± 0.1d 3.99 ± 0.04c 4.47 ± 0.06b 7.27 ± 0.25a 

Diameter (mm) 1.39 ± 0.06d 1.60 ± 0.04c 1.74 ± 0.02b 1.94 ± 0.03a 

Shrinkage (%) 58.31 ±1.82a 47.98 ± 1.37b 48.48 ± 0.55b 43.30 ± 1.38c 

Spherecity factor 0.07 ± 0.009a 0.62 ± 0.014ab 0.41 ± 0.002b 0.39 ± 0.002b 

Swelling (%) 59.31 ± 5.64b 60.05 ± 2.02b 62.11 ± 0.97b 67.31 ± 1.9a 

Values show the means ± standard error (n = 5). Data with different letters (a–d) in a row are significantly different at P ≤ 0.05 using LSD 

 

 
 

Fig. 1: FTIR spectrum of (a) alginate; (b) montmorillonite; (c) starch and (d) alginate- montmorillonite-starch. The shifting characteristic 

peaks of alginate and starch in the alginate- montmorillonite-starch confirm the interaction between functional groups 
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Å at 2θ of 15.06°. No peak was observed for alginate, 

confirming that alginate has an amorphous structure. The 

intensity of the characteristic peak at 2θ of 17.48° for starch 

decreased at 2θ of 17.56° for the alginate-montmorillonite-

starch mixture. Simultaneously, the intensity peak for 

montmorillonite at 2θ of 20.61° decreased in alginate-

montmorillonite-starch at 2θ of 26.80°. 

 

Viability and stability of encapsulated T. harzianum 

beads 

 

The initial concentration of T. harzianum conidia in the 

suspension was 1.3 × 10
11 

CFU mL
−1

. Significant differences 

(P ≤ 0.05) are observed between the concentrations of 

entrapped conidia of fresh beads when the starch percentage 

increases from 1% to 10% (Table 2). Conidia entrapped in 

fresh beads increased from 5.49 ± 0.06 to 6.35 ± 0.05 log 

CFU g
−1

, and for dry beads, though lower than the fresh 

beads, they still increased from 4.42 ± 0.06 to 5.42 ± 0.06 log 

CFU g
−1

, with increasing concentration of starch. 

The SEM image of the cross-section of trapped T. 

harzianum in encapsulated beads (Fig. 4) shows the 

distribution of T. harzianum conidia throughout the matrix, 

whereby the average size of conidia is 2.59 µm. Conidial 

release of encapsulated T. harzianum beads as a function of 

time at a different percentage of starch content is elucidated 

in Fig. 5. No significant difference (P ≤ 0.05) is noted in 

conidia release with increased starch concentration. The 

maximum release of conidia from alginate-montmorillonite-

starch beads is 9.2 log CFU g
-1

 at 10% starch concentration. 

However, the release is increased with time. Positive 

correlations (R
2
 = 0.84–0.86) are observed between conidia 

release and time, irrespective of starch percentage (Fig. 5). 

Next, the viability of encapsulated T. harzianum in alginate-

montmorillonite-starch (10%) in different storage conditions 

is shown in Fig. 6. The initial CFU is recorded at 8.37 ± 0.08 

log CFU g
−1

. The results revealed significant variation (P ≤ 

0.05) in the viability of T. harzianum encapsulated beads at 

low temperature than those stored at room temperature. At 

room temperature (28°C ± 2°C), the viability of T. 

harzianum gradually decreased from 7.58 ± 0.15 to 6.81 ± 

0.27 log CFUg
−1

 within the first three months and further 

decreased to 3.23 ± 0.39 log CFU g
−1

 in the fourth month. 

No recovery of T. harzianum is noted from the fifth month 

onwards. On the other hand, the viability of T. harzianum 

beads stored ata cold temperature (5°C) showed a slow and 

steady decline in CFU throughout the 12-month storage. The 

viable count ranged between 8.27 ± 0.18 and 1.55 ± 0.1 log 

Table 2: Comparison of entrapped T. harzianum conidia in alginate–montmorillonite–starch beads with different concentration of starch 

before and after drying process 

 
Alginate (% w/v) Montmorillonite (% w/v) Starch (% w/v)  Before drying (log CFU g−1) After drying (log CFU g−1) 

2 1 1 5.49 ± 0.06dA 4.42 ± 0.27bB 

2 1 3 5.86 ± 0.04cA 4.64 ± 0.16bB 

2 1 5 6.18 ± 0.06bA 5.36 ± 0.03aB 

2 1 10 6.35 ± 0.05aA 5.42 ± 0.20aB 

Value (s) are presented as means ± standard error (n = 5). Values with different letters are significant at P ≤ 0.05. Capital letters (A-B) correspond to the values for different 

treatments (within column). Small letters (a–d) correspond to the values for different treatments (within row) 

 

 
 

Fig. 2: SEM images of the cross sections of: (a) homogenous interpenetrating of alginate network; (b) irregular plate-like of 

montmorillonite; (c) starch granules polygonal; and (d) homogenous distribution of montmorillonite and starch in the alginate linkage 

network of the alginate-montmorillonite-starch beads 
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CFU g
-1

. Thus, at low temperature, T. harzianum beads can 

be stored up to seven months, with an effective threshold 

value of 6.59 ± 0.12 log CFU g
−1

. 

 

Discussion 
 

In this study, T. harzianum was successfully encapsulated in 

the formulation of alginate, montmorillonite, and starch 

combination. The formulation was developed with a fixed 

amount of alginate (2%) and montmorillonite (1%) but a 

varied percentage of starch (1% to 10%). The physical 

appearance of the beads produced for all formulations was 

uniform with a smooth surface. This could be due to the 

releasing factors of BCAs, as reported in a previous study, 

where the smooth surface facilitated the permeation of water 

into the bead matrix, releasing BCAs (Mithilesh and Ree 

2012). The increased percentage of starch decreased the 

percentage of shrinkage. The reduction led to the 

assumption that the bigger the average sizes of the starch 

granule, the lower the total shrinkage percentage (Ramdhan 

et al. 2020). The swelling ability of the beads is an 

important factor in releasing entrapped conidia. In this 

study, the swelling ability was increased upon increased 

starch percentage. These findings could be explained by the 

initial increase in swelling due to the hydrophilicity of 

starch, which increased the hydrophilic nature of the beads’ 

chemical formulation (Fernandes et al. 2019). Bead 

swelling is directly related to the osmotic pressure that 

 
 

Fig. 3: XRD of alginate, montmorillonite, starch, and alginate–montmorillonite–starch 

 

 
 

Fig. 4: SEM of the cross-section T. harzianum beads varied by different percentage of starch content; a) 1% starch; b) 3% starch; c) 5% 

starch; and d) 10% starch. Arrow showing the distribution of T. harzianum conidia throughout the alginate-montmorillonite-starch matrix 
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occurs by the degree of water absorption. The beads’ 

swelling ratio can be controlled by adjusting their chemical 

composition (Roy et al. 2009). It was established that 

adding starch into the formulation could enhance the 

swelling capacity of the bead. The addition of starch to the 

matrix as filler enhances the bead swelling ability, which is 

advantageous for the controlled release of the active agent 

when the polymer system meets a compatible solvent or 

fluid in the environment (Wu et al. 2014). Controlled 

release formulations are better than rapid release 

formulations because they do not require multiple 

applications and can reduce the production cost while 

improving the microbial viability for effective disease 

control (Caldwell et al. 2012). 

Chemical characterisation via FTIR for the alginate-

montmorillonite-starch formulation showed the interaction 

between the functional groups, i.e., the shift of the peak 

characteristic of COO
− 

stretching for alginate from 1602 to 

1620 cm
−1

. This result indicates that the electrostatic 

interaction of the carbonyl group reduced the interaction of 

hydrogen bonding. Concurrently, stronger ionic interaction 

between carboxylate ions caused free delocalisation of 

electrons (Asadi-Korayem et al. 2021). Meanwhile, the 

peak for the Si–OH group of montmorillonites at 522 cm
-1

 

disappeared. The findings revealed the interaction of 

montmorillonite in the alginate-montmorillonite-starch, 

represented by the formation of hydrogen bonding between 

the silanol groups on the surface of montmorillonite (He et 

al. 2019). The interaction from starch in the alginate-

montmorillonite-starch bead was observed by the shift in the 

 
 

Fig. 5: Conidia release of encapsulated T. harzianum beads as function of time at different percentage of starch content: a) 1% starch; b) 

3% starch; c) 5% starch; and d) 10% starch 

 

 
 

Fig. 6: Comparison between the viability of T. harzianum released from the encapsulated beads under different storage conditions (room 

temperature [28°C ± 2°C] and cold temperature [5°C ± 2°C]) throughout the 12 months storage. Bars indicate standard error and values 

are mean of five replicates (n = 5). (A-C) correspond to the values for cold storage conditions for the time intervals while (a-f) correspond 

to the values for room storage conditions for the time intervals 
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characteristic peak of C–H stretching from 2930 to 2924 

cm
−1

 and C–O–C stretching from 1006 to 1002 cm
-1 

(Fig. 1). 

The interaction, which was also revealed on the XRD 

analysis, indicated that exfoliation occurred when the starch 

molecules and montmorillonite particles had dispersed in 

the alginate hydrogel networks (Almasi et al. 2010). 

This study also revealed that fewer conidia were 

entrapped in the dried beads than the fresh ones. The 

difference between the entrapped conidia before and after 

drying, could be attributed to the decreased shrinkage 

percentage of the beads, as portrayed in this study. A high 

shrinkage percentage would have caused more physical 

stress to the conidia during the drying process. The 

montmorillonite particles would have been involved in 

building up the matrix to prevent the loss of T. harzianum 

conidia. The addition of starch filler may have caused the 

beads’ internal structure to become more porous due to the 

distribution of the microparticles that occupied the spaces 

between the alginate and the montmorillonite (Thakur et al. 

2016). Simultaneously, starch offers physical protection 

alteration in the beads matrix by shielding entrapped conidia 

released during the drying process (Zohar-Perez et al. 2004). 

It was reported that the formulation of BCAs 

required conidia release from the beads to be conducted 

in a controlled and sustained manner to survive longer 

in the environment (Campos et al. 2014). The release 

mechanism of encapsulated conidia involved two 

processes; i) the penetration of molecules water into the 

beads matrix, followed by ii) the swelling of the beads 

caused by different osmotic pressure inside and outside 

(Jurić et al. 2019). Several studies reported that the 

storage condition has a significant impact on the 

viability and stability of encapsulated cells (Locatelli et 

al. 2008). The viability of 6.00 log CFU g
−1

 is 

considered as the limit for biological control agent to 

remain effective (Larena et al. 2003). This study found 

that low-temperature storage provided better stability of 

the encapsulated T. harzianum beads. The number of 

viability conidia maintained at 10
6
 CFU g

-1 
after 7 

months of storage at 4°C. At low temperature, various 

chemical reactions are suppressed, and the metabolic 

activity of the encapsulated T. harzianum may occur at 

a lower rate. In contrast, room temperature storage 

(28°C ± 2°C) may expose the encapsulated T. 

harzianum to stress tolerance responses (Martin et al. 

2013). The high-temperature storage showed lower cell 

stability, which could be due to various biochemical 

reactions, such as lipid oxidation and accelerated 

enzymatic reactions (Li et al. 2019). Moreover, oxygen 

was speculated to cause oxidation reactions, which 

could cause protein denaturation and phospholipid 

degradation of the dried biological materials (Przyklenk 

et al. 2017). Incorporating starch into the formulation 

will produce less porous and less hygroscopic beads, 

resulting in higher viability and stability upon the 

storage period (Chan et al. 2011b). 

Conclusion 
 

The combination of starch and montmorillonite as a filler 

changed the physical properties of the beads. FTIR analysis 

showed strong interactions between the functional groups of 

alginates, montmorillonite, and starch. The XRD analysis 

revealed the exfoliation of starch and montmorillonite in 

alginate hydrogel. The SEM analysis showed the 

homogenous distribution of the polygonal particles of starch 

throughout the alginate-montmorillonite-starch matrix. The 

T. harzianum beads could maintain the viability of 10
6 

log 

CFU g
−1

 up to 7 months when stored at 5°C. Overall, the 

current study proposes the use of a combination of alginate, 

montmorillonite, and starch as a suitable matrix to 

encapsulate T. harzianum, suggesting a novel means of 

formulating BCAs. This encapsulation technique can be 

used for the storage, delivery, and practical applications of 

other BCAs. 
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