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ARTICLE INFO ABSTRACT

Keywords: Sustainable agricultural practices require innovative solutions to enhance productivity while reducing envi-
Bacillus ronmental impact. The use of plant growth-promoting microorganisms, such as Bacillus subtilis, as biofertilizers is
Encapsulation

a promising strategy. However, ensuring cell viability during storage and under field conditions remains a
challenge. This study investigates the encapsulation of B. subtilis via spray-drying using starch hydrolysates with
different dextrose equivalent (DE) values (DE-8, DE-18, and DE-38) as wall materials. Encapsulation efficiency
was approximately 80 % for all formulations. The DE values influenced microcapsule morphology and cell
release profiles, with higher DE materials producing smoother, smaller, and more homogeneous particles. The
microcapsules effectively protected cells against high salinity and acidic pH stresses. Thermal stability was
significantly improved with DE-18 and DE-38, maintaining over 95 % viability after 72 h at 50 °C. Under UV
exposure, DE-18 demonstrated superior protection. Storage stability tests confirmed enhanced longevity for
encapsulated cells compared to free bacteria, with higher DE microcapsules demonstrating better resilience to
elevated temperatures. These findings highlight the potential of starch-based microencapsulation to improve

Spray-drying
Starch hydrolysates
Carbohydrates

biofertilizer performance, ensuring microbial survival and efficacy in diverse environmental conditions.

1. Introduction

The challenge of enhancing agricultural productivity to meet the
growing global food demand is increasingly urgent. Factors such as
climate change, declining soil fertility, and limited arable land often lead
to the excessive use of agrochemicals to achieve higher crop yields.
However, the intensive use of these chemicals poses significant risks to
both human health and the environment [1,2]. Biofertilizers, particu-
larly those based on beneficial microorganisms such as Bacillus species,
offer a promising solution for improving crop yields in an environ-
mentally sustainable manner [3,4].

Bacillus strains are well known for their ability to enhance plant
growth through multiple mechanisms, including nutrient solubilization,
phytohormone production, and biocontrol against phytopathogens. A
key feature of many Bacillus strains is their ability to solubilize
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phosphorus, an essential nutrient for plants, positioning them as strong
candidates for use as biofertilizers [5-7]. Despite their potential, the
preservation of Bacillus cell viability during storage and under chal-
lenging field conditions remains a barrier to their commercialization
[2,8]. Moreover, the development of biofertilizers with controlled
release mechanisms is highly desirable, as such formulations could
promote sustained plant growth without the need for repeated appli-
cations [2,9,10].

Encapsulation by spray-drying emerges as a promising technique to
protect and maintain the viability of Bacillus cells under adverse con-
ditions during production, transportation, storage and application, as
well as enabling controlled release profiles [9,11]. Spray-drying is
widely used in various industries due to its efficiency, cost-effectiveness,
rapid processing times, and scalability [12-15]. Studies focusing on
encapsulation of Bacillus strains using spray-drying for agricultural
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applications have demonstrated promising results in terms of main-
taining cell viability during storage and in field conditions [16,17].

The success of spray-drying encapsulation depends on the choice of
encapsulating agents, which must meet specific criteria, including
appropriate glass transition temperatures, favorable drying character-
istics, and the ability to form solutions with low viscosity at high solid
concentrations. These properties facilitate efficient atomization and
reduce drying energy costs [9,18]. For agricultural applications, the
encapsulating material should be low-cost, readily available, non-toxic,
biodegradable, and capable of effectively protecting the encapsulated
cells [9,19,20].

Starch hydrolysates, which are digestion products of starch, are
promising candidates as encapsulating materials due to their ability to
meet these criteria. Additionally, starch hydrolysates enhance cell
adhesion, act as carbon source and thus have been widely used as wall
materials for encapsulation of microorganisms by spray-drying. The
dextrose equivalent (DE) value of starch hydrolysates influences the
properties of the resulting microcapsules, including their morphology
and release characteristics [18,21]. However, the impact of different DE
values on the properties of encapsulated Bacillus strains has not been
explored yet in the context of biofertilizer applications.

The aim of this study was to investigate the use of starch hydrolysates
with different DE values (DE-8, DE-18, and DE-38) as wall materials for
encapsulating Bacillus subtilis via spray-drying. Specifically, this study
aimed to: (1) evaluate the morphological properties of the microcap-
sules, (2) assess the viability of the encapsulated cells after the spray-
drying process and investigate their growth and release behaviors, (3)
examine the maintenance of cell viability under stress conditions, and
(4) assess cell viability during storage using the Accelerated Shelf-Life
Test (ASLT) method. This work provides new insights into the influ-
ence of starch hydrolysate DE values on microbial encapsulation by
spray-drying, with the potential to enhance the development of effective
biofertilizers for agricultural applications.

2. Methodology
2.1. Materials

Starch hydrolysates of different DEs were used as wall material for
the spray-drying encapsulation processes: DE-8 (C*Dry™ MD 01955)
and DE-18 (C*Dry™ MD 01915), both classified as maltodextrins (DE
values <20), and DE-38 (C*Dry™ GL 01934) classified as glucose syrup
(DE value >20). These materials were kindly donated by Cargill (Bar-
celona, Spain). All other reagents were of analytical grade.

2.2. Microbial cultivation

Bacillus subtilis ATCC 6051a was encapsulated by spray-drying for the
development of the biofertilizer. The bacterial strain was first reac-
tivated in Tryptic Soy Broth (TSB) medium in 500 mL Erlenmeyer flasks
and incubated at 30 °C, 250 rpm for 48 h. Following incubation, the
culture was centrifuged at 8,000 rpm, 25 °C in Falcon tubes until visible
cell precipitation was achieved. The supernatant was then discarded,
and the resulting cell pellet was resuspended and concentrated in a 0.85
% saline solution. To determine bacterial viability, an aliquot of the
suspension was plated, and the number of viable cells (log CFU mL™)
was quantified using the plate count method. Based on these results, the
required volume of cell suspension for each encapsulation formulation
was calculated. For the spray-drying process, the inoculum volume was
adjusted to achieve a final bacterial concentration of 9 log CFU g~! dry
matter in the microcapsules. Previously, the proportion of vegetative
cells and spores in the culture was determined by comparing CFU/mL
counts before and after shock treatment (30 min, 62 °C). The results
indicated that nearly the entire culture used for encapsulation consisted
of spores.
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2.3. Production of microcapsules by spray-drying

For the encapsulation process, solutions were prepared by dissolving
starch hydrolysates (DE-8, DE-18, or DE-38) at a concentration of 40 %
(w/v) in distilled water under continuous stirring at 540 rpm overnight
at room temperature. After complete dissolution, the calculated volume
of bacterial suspension was added, stirred for 10 min, and immediately
subjected to the spray-drying process. Spray-drying was performed
using a laboratory-scale Biichi B-190 spray dryer (Biichi Labortechnik,
Flawil, Switzerland) with an inlet temperature of 140 °C and an outlet
temperature of 80 °C. The drying air flow rate was maintained at 25
Nm® h™L. The resulting dried microcapsules were designated as MC-8,
MC-18, and MC-38, corresponding to formulations prepared with
starch hydrolysates of DE-8, DE-18, and DE-38, respectively. To deter-
mine the spray drying process yield, which is related to powder recov-
ery, the collected microcapsules were weighed, and the yield percentage
was calculated based on the initial solid content in the feed solution and
the final mass of the dried microcapsules.

2.4. Morphological characterization of microcapsules

The morphology of the microcapsules was investigated via scanning
electron microscopy (SEM) using an FESEM microscope (LEO 1500
GEMINI, Zeiss, Germany). A thin layer of microcapsules was placed on
the carbon tape and carbon-coated using an EMITECH K975X Turbo-
Pumped Thermal Evaporator (Quorum Technologies, UK). The micro-
graphs were taken at different magnifications (500, 2000 and 5000x).
The images were then analyzed using the ImageJ software (National
Institute of Health) and > 200 randomly selected microcapsules were
measured to determine the particles size distribution.

2.5. Encapsulation efficiency

To assess encapsulation efficiency, 0.05 g of microcapsules was
dispersed in 5 mL of 0.85 % saline solution using vortex agitation to
release the encapsulated cells. An aliquot of the resulting suspension was
plated, and viable cell concentration (log CFU g~!) was determined
using the plate count method. Encapsulation efficiency was expressed as
a percentage, where 100 % corresponds to the initial bacterial concen-
tration (9 log CFU g’l) added at the beginning of the process, as
described in Section 2.2, and compared to the viable cell concentration
obtained after the assay described in this section. All assays were per-
formed in triplicate to ensure reproducibility.

2.6. Cell release and growth assays

2.6.1. Cell release and growth on solid medium

To evaluate cell release behavior and growth of free and encapsu-
lated Bacillus subtilis, TSA plates were prepared with different treat-
ments. The treatments included: (i) a cell suspension corresponding to 5
log CFU (treatment B); (ii) the same volume of cell suspension combined
with 0.01 g of starch hydrolysates used in the encapsulation process (B
+ DE-8, B + DE-18, and B + DE-38); and (iii) 0.01 g of microcapsules
(MC-8, MC-18, and MC-38), also corresponding to approximately 5 log
CFU. Plates were incubated, and images were captured at 6, 24, and 48
h. The halo size (mm) formed around each treatment was measured
using ImageJ software (National Institutes of Health, USA) to assess
bacterial growth and release patterns. The data were then used to
construct graphical representations of the results.

2.6.2. Cell release and growth in wet environment

To assess cell release behavior and growth in a wet environment over
time, 0.85 g of microcapsules was suspended in 8.5 mL of 0.85 % saline
solution and stirred at 250 rpm, 30 °C. Aliquots were collected at 10 min,
30 min, 1 h, 3 h, 6 h, 24 h, 48 h, and 72 h, followed by plating to
determine viable cell concentration (log CFU g™ 1) using the plate count
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method. All experiments were conducted in triplicate to ensure
reproducibility.

2.7. Maintenance of cell viability under stress conditions

The experiments aimed to evaluate cell viability maintenance of free
and encapsulated Bacillus subtilis under stress conditions of high salinity
and acidic pH. For salinity stress, 450 pL of free bacteria and 0.45 g of
microcapsules were suspended in 4.5 mL of 50 % saline solution and
stirred at 250 rpm, 30 °C. For pH stress, the same amounts were sus-
pended in 0.85 % saline solution, adjusted to pH 2 using 1 M HCl, and
subjected to the same stirring conditions. Aliquots were collected at 30
min, 6 h, and 24 h, followed by plating to determine viable cell con-
centration (log CFU) using the plate count method. Viability results were
expressed as a percentage, where 100 % corresponds to the viability of
free bacteria and the post-encapsulation viability of each microcapsule
formulation. All experiments were conducted in triplicate to ensure
reproducibility.

To evaluate the effect of heat and UV exposure on cell viability, free
and encapsulated Bacillus subtilis were subjected to thermal and ultra-
violet stress conditions. For heat exposure, samples were incubated at
50 °C (relative humidity of 20 %) for 24 h and 72 h. For UV exposure,
free and encapsulated cells were exposed to UV radiation (Esco Tech-
nology, 15 A, model U319) (at 25 °C and 45 % of relative humidity) for
5 min and 20 min. After treatment, free bacteria were directly plated,
while microcapsules were solubilized in 0.85 % saline solution using a
vortex before plating. Viability results were expressed as a percentage,
where 100 % corresponds to the viability of free bacteria and the post-
encapsulation viability of each microcapsule formulation. All experi-
ments were conducted in triplicate to ensure reproducibility. Further-
more, for the sake of comparison, the assays evaluating free and
encapsulated cells were conducted at the same time.

2.8. Cell viability at storage

An Accelerated Shelf-Life Test (ASLT) was performed to estimate the
cell survival of the free bacteria and encapsulated cells during storage, as
described in Lopes et al. [22]. The products were stored at temperature
values of 4, 30, and 50 °C with relative humidity of 60, 40 and 20 %,
respectively. At each time point of 0, 7, 14, 21 and 28 days, 100 pL of the
free bacteria and 0.015 g of the microcapsules were collected. Free
bacteria were plated, while the microcapsules were dispersed in 150 pL
of 0.85 % saline solution using a vortex before plating. All assays were
performed in triplicate. Furthermore, for the sake of comparison, the
assays evaluating free and encapsulated cells were conducted at the
same time. The spreadsheets and calculations of this assay are detailed
in the Supplementary Material 1.

After obtaining the CFU data, the estimated time from the ASLT was
evaluated by a first-order degradation kinetics (Eq. 1):

InN, —InNy = —kt (€D)]

Where Ny and N; are the initial and final cell concentrations (CFU)
respectively, and k is the degradation rate constant (day"l).

However, most ASLT studies depicted that the Arrhenius Equation is
the most common way to describe the deterioration rate as a function of
the temperature (Eq. 2):

Eq

Ink = Inky — RT 2)

where k is the reaction rate constant, kg is the Arrhenius constant, E, is

the activation energy (.I mol’1>7 R is the universal gas constant

(8.314JK ! mol’l> and T is the reaction temperature (K). After deter-

mining the necessary parameters, the shelf-life time (t) of the materials
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can be determined by the Eq. 3, where kr is the calculated value of k for
each temperature, and Ay and A; are the initial and final cell concen-
trations (CFU), respectively.

_ Iny, — na;

t kr

3

2.9. Statistical analysis

Bacterial concentrations (CFU) were log-transformed (log CFU) to
improve homogeneity of variances. Error bars of the figures were rep-
resented by the mean standard deviation (+SD) of the replications. Data
of cell viabilities and size of halos were subjected to analysis of variance
(ANOVA) and Tukey's test (95 % of confidence level) performed using
Origin v. 9.8 software.

3. Results and discussion
3.1. Characterization of the microcapsules

The relationship between DE value and feed solution characteristics
isillustrated in Fig. 1, which depicts key structural and physicochemical
differences among the starch hydrolysates used to produce the micro-
capsules by spray-drying. For instance, the processing yield of the spray-
drying encapsulation process showed a clear dependence on the
dextrose equivalent (DE) value of the starch hydrolysates used as
encapsulating agents. The highest yields were obtained for MC-18 (21.1
%) and MC-38 (20.4 %), whereas MC-8 exhibited a yield of 11.7 %.
These differences can be attributed to the viscosity of the feed solutions,
which is directly influenced by the molecular structure of the hydroly-
sates (Fig. 1). High viscous solutions tend to form irregular atomized
droplets, which reduce drying efficiency and result in lower process
recovery. Therefore, the higher viscosity of MC-8 likely explains its
significantly lower yield. The observed trend is consistent with previous
studies that report a direct relationship between solution viscosity and
spray-drying yield [23,24].

The SEM images presented in Fig. 2 reveal distinct morphological
differences among the microcapsules produced with starch hydrolysates
of varying dextrose equivalent (DE) values. The MC-38 microcapsules
exhibited a smooth, spherical, and uniform surface with minimal
structural defects. This is attributed to the higher proportion of low-
molecular-weight sugars present in DE-38, which can act as plasti-
cizers, enhancing matrix flexibility and preventing surface shrinkage
during drying [25,26]. In contrast, the MC-18 microcapsules displayed
intermediate surface characteristics, with moderately smooth surfaces
interspersed with minor wrinkles. The MC-8 microcapsules, however,
showed rough, irregular surfaces with noticeable cracks and shrinkage.
The lower DE value corresponds to a higher presence of long-chain
saccharides, which reduce chain mobility and elasticity, leading to un-
even drying and structural collapse.

The particle size distribution (Fig. 2D) further highlights the impact
of DE values on microcapsule formation. The MC-38 microcapsules had
the smallest and most uniform particle sizes, primarily ranging from 5 to
20 pm. This uniformity is attributed to the lower viscosity and enhanced
solubility of DE-38, which facilitates the formation of smaller, evenly
distributed droplets during atomization. Such smaller particles can be
beneficial for agricultural applications, ensuring better dispersion of the
product [27].

The MC-18 microcapsules exhibited intermediate size distribution,
showing that moderate DE value allows for a balance between viscosity
and atomization efficiency. In contrast, the MC-8 microcapsules had the
largest and most heterogeneous size distribution. The higher viscosity of
the DE-8 solution likely hindered effective atomization, producing
larger droplets that dried into larger, less uniform microcapsules
[13,18].

As observed in the SEM images, the surface of the microcapsules is
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Fig. 1. Important information on the characteristics of the different DE starch hydrolysates, which influence the properties of the microcapsules produced by

spray-drying.

clean of free bacteria, indicating they were microencapsulated or elim-
inated by thermal degradation during the spray-drying process [28]. To
verify these assumptions, assays were performed to obtain the number of
viable cells in the microcapsules after the encapsulation procedure.

3.2. Cell release and growth on solid medium

In addition to efficiently producing the microcapsules, the ability of
Bacillus to survive the conditions of the encapsulation process should be
assessed. The three microcapsules produced (MC-8, MC-18, and MC-38)
maintained survival rates of 7.12 & 0.04, 7.30 & 0.04, and 7.21 + 0.06
log CFU g}, respectively, immediately after drying. Given that 9 log
CFU g~ ! of Bacillus cells/spores were provided before the spray-drying
procedure, these values correspond to approximately 80 % of encapsu-
lation efficiency in the resulting powders. This high survival rate can be
attributed to the choice of wall materials and the appropriate operating
conditions employed.

Previous studies have also demonstrated the protective capacity of
starch hydrolysate matrices for encapsulated microorganisms. Chi et al.
[16] encapsulated Bacillus megaterium NCT-2 using maltodextrin (a
starch hydrolysate with DE < 20), achieving about 70 % cell survival
after the spray-drying procedure. Similarly, Ma et al. [17] reported
around 90 % cell survival when encapsulating B. sutilis B99-2 using
maltodextrin. Given the effectiveness of starch hydrolysates in microbial
encapsulation by spray-drying, the primary goal of this study was to
explore the relationship between the properties of the produced mi-
crocapsules and the different DE values of the starch hydrolysates, with
the aim of applying them as biofertilizers in agriculture.

The ability of encapsulated Bacillus subtilis to be released from the
microcapsules and grow effectively is a critical factor in determining
their efficacy as biofertilizers. Fig. 3 presents the results of cell growth
and release behavior in a solid medium (TSA plates), providing insights
into how different dextrose equivalent (DE) values influence controlled
release properties and bacterial proliferation.

Fig. 3A shows the growth halos formed over time by free and
encapsulated bacteria under different conditions. The corresponding
quantitative halo measurements in Fig. 3B demonstrate how bacterial
growth evolved over 6, 24, and 48 h. At 6 h, the free bacteria (B) and free
bacteria mixed with starch hydrolysates (B + DE-8, B + DE-18, B + DE-
38) exhibited significant growth halos, while all microcapsule

treatments (MC-8, MC-18, MC-38) displayed no visible growth. This
indicates that encapsulated bacteria remained entrapped within the
microcapsules, delaying their release into the environment. The absence
of early growth in encapsulated treatments suggests that the spray-
drying encapsulation method effectively retained bacterial cells within
the microcapsule structure, preventing immediate diffusion into the
medium.

By 24 h, the microcapsule-treated samples (MC-8, MC-18, MC-38)
began to show growth halos, confirming that the bacterial cells were
gradually released from the microcapsules. At 48 h, all microcapsule
treatments reached similar halo sizes to those of free bacteria, indicating
that bacterial cells had been fully released and were actively
proliferating.

The delayed growth observed for encapsulated bacteria, confirms
that microencapsulation modulates bacterial release, preventing an
immediate burst release and instead enabling a gradual diffusion of cells
into the environment. This property is highly beneficial for biofertilizer
applications, as it could lead to extended microbial activity in soil,
reducing the need for frequent applications. The findings suggest that all
the starch hydrolysates with different DE values studied for microcap-
sule production are promising candidates for this application. However,
the main goal of this study was to further investigate the impact of
different DE values in wall materials on the biological properties of the
microcapsules. To this end, we evaluated and compared the growth and
release profiles of the microcapsules in a wet environment, which will be
discussed below.

3.3. Cell release and growth in a wet environment

The release profile and growth behavior of Bacillus subtilis in a wet
environment provide critical insights into the controlled release prop-
erties of the encapsulated bacteria, which are essential for biofertilizer
applications. Fig. 4 presents the bacterial viability (log CFU gfl) over
time for MC-8, MC-18, and MC-38 microcapsules, demonstrating
distinct release profiles that correlate with the dextrose equivalent (DE)
value of the starch hydrolysates used as encapsulating agents.

Based on the viability values observed after encapsulation (approx-
imately 7 log CFU g™1), it can be inferred that cell release from the
microcapsules occurred within the first 6 h. After this period, the
observed values exceeded those recorded for post-encapsulation
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Fig. 2. A) SEM images of the microcapsules produced by spray-drying using different starch hydrolysates as wall materials (DE-8, DE-18 and DE-38) at the mag-
nifications of A) 500 x, B) 2000 x and C) 5000 x. D) Histograms of the particles size distributions.

viability, suggesting potential cell growth due to the consumption of the
starch hydrolysates constituting the microcapsules. It is important to
note that in this assay, the release of bacterial cells was faster than in the
petri dish assay, as the environment was wet.

In terms of cell release, during the initial 6 h, MC-8 exhibited a
slower release profile compared to MC-18 and MC-38. This difference
may be attributed to the varying DE values of the starch hydrolysates
used as wall materials. Higher DE values are associated with more sol-
uble short-chain saccharides [29], which lead to the formation of mi-
crocapsules with higher hygroscopicity. This increased water uptake for
MC-18 and MC-38 can more easily disrupt its structure, causing the core
material to leak [18]. This characteristic may explain the faster release
of cells observed in MC-18 and MC-38, while MC-8 maintained a more
controlled release profile.

The release profiles can also be linked to the mobility of the polymer
chains. Larger polymer chains (from materials with lower DE values)
have limited movement [29], which helps regulate the release of
encapsulated materials. After 24 h, the viable cell count in MC-18 and
MC-38 stabilized. In contrast, MC-8 stabilized only after 48 h, further
indicating the slower release of encapsulated cells and, consequently,
the slower consumption of the starch hydrolysates. This can be
explained by the fact that simpler molecular structures (higher DE ma-
terials) allow microbial cells to access and consume sugars more quickly.

These findings highlight the importance of selecting the appropriate
encapsulation material based on DE value to optimize biofertilizer per-
formance. By tailoring starch hydrolysate selection, biofertilizer for-
mulations can be designed to meet specific agricultural needs as the
ideal release profile will depend on soil conditions and crop



M.M. Lopes et al.

B+DE-8

A) -

6 h

24 h

48 h

B) 12 4 l:l B
1 Il B+DE-8
104 L] MC-8
| Il B+DE-18
[ mc-18
8 4 [ B+DE-38
[ ImMmc-38

de

de de

Halo (mm)

B+DE-18

0000000

International Journal of Biological Macromolecules 320 (2025) 146082

B+DE-38

24 48
Time (h)

Fig. 3. A) Images of halos representing the growth of the free bacteria (B), the free bacteria in contact with the different DE starch hydrolysates (B + DE-8, B + DE-18
and B + DE-38), and the microcapsules (MC-8, MC-18 and MC-38) in TSA plates at different times (6, 24 and 48 h). B) Graphic constructed with the size of such halos

(mm) over time, measured with ImageJ.

9.5 -
MC-8
o MC-18

9.0 MC-38

= 4 ° ,+

F'o’ss—

— 8!

[Ty

O

5’8.0—

)

8754 o

2 . e—e—t—w [

< 7.0

6.5 -

T I T I T T T
10min30 min  1h 3h  6h 24h 48h 72h
Time
Fig. 4. Cell growth and release profiles in wet environment for the microcap-
sules (MC-8, MC-18 and MC-38), in terms of log CFU g™

requirements. The rapid release could be advantageous in soils requiring
immediate bacterial colonization, such as nutrient-deficient fields or
hydroponic systems. On the other hand, a slower release may be better
suited for long-term field applications, ensuring that bacteria remain
active over an extended period without the need for frequent
reapplication.

3.4. Maintenance of cell viability under stress conditions

The ability of Bacillus subtilis to survive under adverse environmental
conditions is a critical factor in determining the effectiveness of micro-
bial biofertilizers. Fig. 5 presents the viability of free and encapsulated
bacteria under various stress conditions, including high salinity, acidic
pH, heat, and UV exposure. These results provide insights into how
encapsulation with starch hydrolysates of different dextrose equivalent
(DE) values influences cell protection and stress resistance, which are
essential for ensuring bacterial survival in agricultural applications.

Salt stress is a major concern in agriculture, particularly in arid and
semi-arid regions, where soil salinization reduces plant growth and
microbial survival. Fig. 5A shows the bacterial viability over time in a
50 % (w/v) NaCl solution. The free bacteria lost over 10 % of their initial
cell count within the first 30 min and continued to decline after 24 h. In
contrast, all encapsulated bacteria demonstrated significantly improved
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resistance to salinity stress over time. The superior performance of the
encapsulated cells can be attributed to the protection provided by the
matrix, which limits direct exposure to the high-salinity environment,
allowing for a more controlled release and gradual adaptation of bac-
terial cells [18,29]. These findings align with previous studies demon-
strating that microencapsulation protects beneficial bacteria from
osmotic stress by creating a physical barrier that reduces direct contact
with high-salt environments [16].

Acidic soils can also negatively impact microbial activity, as
increased H" concentrations enhance the mobility and solubility of toxic
metals while reducing the availability of nutrients. Therefore, in acidic
soils, biofertilizer cells may lose viability, preventing them from ful-
filling these beneficial biological functions [30]. Fig. 5B illustrates the
protective effect of encapsulation against acidic pH stress. While free
bacteria lost approximately 40 % of their viability within the first 30

min, the number of viable cells in the microcapsules remained nearly 95
% in all cases. A similar trend was observed at the 6-h mark, where
encapsulated cells consistently exhibited higher viability compared to
free bacteria.

Similarly to the protection provided for salinity stress, the key factor
contributing to the superior performance of microcapsules is probably
related to the physical barrier provided by the wall materials. This
barrier shields the cells from direct exposure to the environment,
potentially limiting H diffusion and reducing exposure to harsh con-
ditions. As a result, encapsulated cells maintain their viability and
metabolic activity more effectively. This protective effect has been
previously reported in studies evaluating cell survival under acidic pH
conditions, a common assay used in the development of encapsulated
probiotic cells [31,32].

Another environmental stress that cells may encounter in field
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conditions is high temperature, which can lead to a loss of viability
primarily due to the denaturation of essential metabolic proteins [33].
Fig. 5C shows that encapsulated cells exhibit better viability after heat
exposure compared to free microorganisms. Beyond the protective effect
provided by the wall materials, heat may have enhanced the solubility of
and mobility of the microcapsules, promoting the release and movement
of cells and the dissolution of sugars, which can be more readily
consumed by bacteria. Among the microcapsules, those formulated with
higher DE starch hydrolysates (MC-38 and MC-18) demonstrated supe-
rior performance compared to the lower DE formulation (MC-8). This
may be attributed to the higher concentration of low-molecular-weight
species in high-DE materials, which serve as readily accessible nutrients
for bacterial cells.

UV radiation is also a significant factor that can reduce bacterial cell
viability in field conditions by damaging microbial DNA and RNA
[20,34]. Therefore, assessing the effectiveness of microcapsules in pro-
tecting cells from UV stress is important. As shown in Fig. 5D, no sig-
nificant differences were observed between free and encapsulated
microorganisms after 5 min of UV exposure. However, after 20 min, free
cells and MC-18 microcapsules exhibited similar survival rates, while
MC-8 and MC-38 microcapsules provided less effective protection
against UV stress. This can be related to the fact that encapsulation alone
may not always be sufficient to ensure UV protection, as certain mate-
rials lack UV-absorbing properties. When such materials are used as wall
components, they may allow radiation to penetrate and compromise cell
viability. These findings are consistent with reports stating that micro-
encapsulation offers some protection against UV stress, but complete
resistance requires additional shielding components, such as pigments
or UV-absorbing agents [35]. The superior UV protection of MC-18
compared to the other microcapsules may be attributed to its interme-
diate structure, which provides a balance between structural integrity
and surface flexibility, reducing light penetration while preventing
excessive shrinkage or cracking [34].

3.5. Cell viability during storage of the microcapsules

To assess storage viability, the survival of free and encapsulated
bacteria was evaluated at different storage temperatures using the
Accelerated Shelf-Life Test (ASLT) method. ASLT is a time-efficient
approach that employs mathematical models to predict cell viability
during storage. This method is widely used in the food industry for
microbial product shelf-life estimation and has been adapted for agri-
cultural applications [22].

Table 1 presents the ASLT-based predictions for the time required for
complete viability loss, as well as for reductions to 5, 6, and 7 log CFU.
Encapsulated cells demonstrated significantly better stability at all
temperatures compared to free cells. The only exception was the time
required for MC-8 microcapsules to reach 7 log CFU. Despite this sin-
gular case, encapsulation clearly played a protective role in maintaining
cell viability during storage.

A direct relationship was observed between storage temperature and
viability loss, with higher temperatures accelerating cell degradation in
both free bacteria and MC-8 microcapsules. MC-18 and MC-38 followed
a similar trend, although their viability at 30 °C and 50 °C remained

Table 1
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comparable. The superior performance of MC-18 and MC-38 suggests
that higher DE encapsulating matrices provide better microbial protec-
tion at moderate and high temperatures. The flexible and hygroscopic
nature of high-DE starch hydrolysates may help prevent cell desiccation,
reducing oxidative stress and metabolic degradation [34].

It is important to note that increasing initial cell concentrations pre-
encapsulation could improve viability. Despite starting with lower
counts (~7 log CFU g™ 1), encapsulated cells outperformed free cells in
long-term stability. At 4 °C, MC-8 and MC-18 maintained viability above
6 log CFU g ! for over two years, while MC-38 lasted about a year. At
30 °C, MC-8 and MC-18 lasted ~18 months, with MC-38 stable for about
a year. At 50 °C, MC-8 declined faster (8 months), while MC-18
remained stable for ~18 months, and MC-38 maintained viability for
~12 months. Free cells lost viability significantly faster, reaching 8 log
CFU within 1.5 months at 4 °C, one month at 30 °C, and 10 days at 50 °C
(Supplementary Material 1).

For a two-order viability loss (down to 5 log CFU g~1), MC-8 lasted
55, 33, and 16 months at 4, 30, and 50 °C, respectively. MC-18 remained
viable for 46 months at 4 °C and 32 months at higher temperatures. MC-
38 showed consistent performance (~23-25 months across all temper-
atures). In contrast, free cells dropped to 7 log CFU in 3, 2, and < 1
month at 4, 30, and 50 °C, respectively (Table 1).

It should be noted that such ASLT study is a theoretical and mathe-
matical model that aims to predict the behavior of cells viability during
storage. Therefore, it should be validated for each case with real-time
storage data as it may be influenced by the type of microorganism, the
encapsulating material used, humidity levels, among other factors.
Thus, these types of studies are important to advance in this research
field, to obtain deeper knowledge on the topic and get closer to achieve a
consistent methodology to facilitate shelf-life testing. This will allow to
obtain accurate results of cell viability during storage using a less time
consuming approach.

Overall, our findings emphasize the crucial role of encapsulation by
spray-drying in preserving bacterial viability during storage, with the
DE value significantly impacting protection efficiency. MC-38 exhibited
the highest stability across all temperature levels, making it the most
adaptable option for the development of biofertilizers. Hence, these
results highlight the need to tailor encapsulation materials to optimize
biofertilizer performance, ensuring exstended shelf-life, enhanced mi-
crobial survival, and greater agricultural sustainability.

4. Conclusions

This study demonstrated the effective encapsulation of Bacillus sub-
tilis via spray-drying using starch hydrolysates with varying dextrose
equivalent values as wall materials. Microcapsule morphology was
influenced by DE values, with higher DE materials producing smoother,
smaller, and more homogeneous particles. Encapsulation efficiency
remained consistent across all formulations (~80 %), highlighting the
protective role of starch hydrolysates. Controlled release properties
were notably enhanced, with MC-8 exhibiting the most gradual release
due to its lower solubility. All microcapsules provided significant pro-
tection against salinity and acidic pH stresses. Under heat exposure, MC-
18 and MC-38 supported higher bacterial survival, likely due to the

Results of the ASLT (Accelerated Shelf-Life Test) calculation regarding the time (in months) that would take for the products (free bacteria, MC-8, MC-18 and MC3-8
microcapsules) to loss viabilities (total loss of viability, and until 5, 6 and 7 log CFU) at different temperature values of storage (4, 30 and 50 °C). Initial values of
viability were: 9.24 log CFU ml ™! for free cells (B), 7.05, 7.30 and 7.29 log CFU ml~ for MC-8, MC-18 and MC-38, respectively.

Temperature 4°C 30°C 50 °C

Products B MC-8 MC-18 MC-38 B MC-8 MC-18 MC-38 B MC-8 MC-18 MC-38
Months until total loss of viability 12 188 147 73 7 113 105 77 2 54 102 81
Months until reaching 5 log CFU 5 55 46 23 3 33 32 24 1 16 32 25
Months until reaching 6 log CFU 4 28 26 13 2 17 19 14 <1 8 18 14
Months until reaching 7 log CFU 3 1 6 3 2 <1 4 3 <1 <1 4 3
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greater molecular mobility of their wall materials. UV resistance was
most effective in MC-18, attributed to its intermediate structural prop-
erties. Storage stability assessments revealed superior viability of
encapsulated cells compared to free bacteria, with higher DE micro-
capsules demonstrating better resilience to elevated temperatures.
These findings provide valuable insights into the role of DE-modified
starches in biofertilizer formulation, supporting their potential appli-
cation as a sustainable strategy to enhance microbial stability and
agricultural productivity.
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