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ABSTRACT: Zinc (Zn) is essential for plant development and its deficiency can reduce agricultural productivity. Nutrient-
solubilizing microorganisms offer a promising solution to enhance the zinc availability for plants. However, directly applying these
microorganisms in the field presents challenges such as cell viability loss. Here, we developed a formulation using poly(vinyl alcohol)
(PVA), cationic starch (CS), and zinc oxide (ZnO) for microencapsulating Bacillus megaterium via spray drying. Our results showed
that B. megaterium effectively solubilizes zinc oxide. The PVACS-ZnO matrix provided a favorable environment for the growth and
development of B. megaterium, releasing cells in quantities exceeding initial inoculation (10 log;, CFU/g). Additionally, it protected
the cells against adverse field conditions, maintaining bacterial viability after heat (50 °C/48 h), UV light (95% after 180 min), and
fungicide/insecticide exposure (99% after 2 h), unlike free bacteria. Accelerated shelf life tests indicated prolonged stability of
PVACS-ZnO microspheres, with double the estimated shelf life (14 months) compared to free bacteria (6 months). In greenhouse
experiments, the formulation increased aerial and root biomass of soybean plants, and enhanced phosphorus and zinc absorption.
These findings indicate that PVASC-ZnO formulations offer a promising strategy for encapsulating microorganisms and enhancing
zinc availability, resulting in an effective and environmentally friendly biofertilizer product.
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1. INTRODUCTION rophores, compounds with the ability to act as metal-chelating
agents, which adds an extra possibility in the case of zinc
solubilization.”'™"> B. megaterium is also related to other
growth-promoting factors, such as 2phytohormones that
contribute to biomass production.'"'¢~*°

However, the direct application of microorganisms in the
fields faces challenges such as loss of cell viability due to
exposure to agrochemicals, heat, and UV radiation. Therefore,
it is crucial to develop formulations that ensure the protection
and viability of these microorganisms.”’ In this context,
microencapsulation emerges as a strategy to increase shelf
life, regulate release, and preserve microorganisms against
adverse environmental influences.”” Spray-drying microencap-
sulation is a promising technique for cell encapsulation and is
widely used in various industries due to its efliciency, speed,
cost-effectiveness, and scalability.””** Studies have shown
success in using spray drying for microencapsulating micro-
organisms for the food industry, maintaining up to 90% of their
viability postprocess.”””° In this process, the choice of the

Zinc (Zn) is a micronutrient essential for healthy plant growth,
acting as a cofactor in various enzymes and proteins. Its
presence is crucial for photosynthesis, stress resistance, and
pathogen defense, promoting crop growth and productivity."”
Zinc deficiency negatively impacts the production and
development of various crops, such as soybeans (Glycine max
L.), cotton (Gossypium hirsutumL.), and maize (Zea mays),
making them more susceptible to pathogen attacks.”™> Zinc
can be applied to the soil as a fertilizer from various sources,
such as zinc oxide (ZnO), zinc sulfate (ZnSO,), and chelated
zinc (Zn-EDTA), either as part of multinutrient fertilizers like
monoammonium phosphate (MAP), or through foliar spraying
(ZnS0O,.7H,0 or Zn-EDTA). Zinc oxide (ZnO) is recognized
as one of the most cost-effective options for supplying zinc as a
fertilizer.’ Recent studies have highlighted the potential of
microbial strains to solubilize zinc sources, thereby enhancing
the growth of crops such as potatoes (Solanum tuberosum),
wheat (Triticum aestivum), cotton (Gossypium hirsutum L.),
and peppers (Capsicum annuum L.)."”~° In the present study,
Bacillus megaterium was used to evaluate the potential to
solubilize ZnO. B. megaterium is known for its potential to
solubilize phosphorus, with the main mechanism being related
to its ability to produce organic acids. Therefore, it is
hypothesized that a similar mechanism is involved in zinc
solubilization. Besides, this microorganism produces side-
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encapsulation matrix has a significant impact on the
preservation of cellular viability. Polymers such as Poly(vinyl
alcohol) (PVA) and Starch (ST) are considered promising for
encapsulating microorganisms and enzymes due to their
cellular compatibility and their partial or total degradation by
various microorganisms, including the Bacillus bacteria.””~>°
The biodegradation mechanism more specifically related to B.
megaterium could be associated with its ability to produce
specific enzymes, such as esterases, amylases, and dehydro-
genases, related to starch and PVA biodegradation. The
microbial enzymatic action promotes the matrix degradation,
which acts as a carbon source, essential for microbial
growth.31_36 Another polymer of growing interest is cationic
starch (CS), a synthetic material derived from the chemical
modification of natural starch (ST), which has amine groups
with positive charges in its structure.”” Cationic starch is highly
soluble in water and has excellent film-forming properties.
Recent research on PVA and cationic starch-based films has
shown gromising characteristics in a@pplications such as fruit
coating’ % and controlled drug release,’ ? highlighting the matrix
as a promising option for microorganism encapsulation.
Despite the potential of these polymeric matrices to protect
microbial cells, research on using spray drying for micro-
encapsulating microorganisms for agricultural applications
remains limited.

The aim of this work is to evaluate the microencapsulation
of B. megaterium using the spray dryer technique in PVA and
cationic starch-based formulations, investigating the addition
of zinc oxide (ZnO) to assess its effect on the growth and
development of soybean plants. To achieve this, we
investigated: (1) the maximum concentration of ZnO to be
added to the matrix; (2) the encapsulation of B. megaterium in
matrices with and without ZnO and its effect on bacteria
protection under conditions of heat stress, UV light, and
exposure to agrochemicals; (3) the estimation of the shelf life
of the materials produced using Accelerated Shelf Life Testing
(ASLT) methodology; and (4) the performance of the ZnO-
containing matrix in a greenhouse trial and its effect on
soybean cultivation.

2. MATERIALS AND METHODS

2.1. Materials. Cationic starch (CS, Ingredion), poly(vinyl
alcohol) (PVA, molecular weight 89,000—98,000, hydrolyzed to
99+%), and zinc oxide (ZnO) were obtained from Sigma-Aldrich.
The fungicide, Maxin, Syngenta Brasil, and insecticide, Cruiser 350
FS, Syngenta Brasil, were used in these studies.

2.2. Microorganism Reactivation for Encapsulation. The
bacterium used in this study was B. megaterium strain CNPMS B119
from Embrapa Maize and Sorghum.** The cells stored at —80 °C
were initially cultured on Soy Tryptone broth (TSB) and agar at 30
°C for 12 h. The inoculum was then transferred to a liquid medium
and incubated at 30 °C for 72 h to produce the cells for inoculation.

2.3. Solubilization of Different Concentrations of Zinc
Oxide by Bacillus megaterium. A preliminary test was conducted
to determine the optimal concentration of ZnO to be added to the
matrix of PVA/cationic starch, aiming to achieve maximum solubility
of Zn with minimal toxicity to B. megaterium. To investigate the
solubility of ZnO and bacterial survival, a liquid culture was
conducted for 10 days in TSB medium (100 mL, 250 rpm, 30 °C),
starting with an initial count of B. megaterium of 10° CFU/mL and
adding predefined quantities of ZnO (0.5%, 0.75%, or 1% w/v).
Samples (2 mL) were collected on days 1, 2, 3, 5, and 10 to assess the
solubilized Zn and bacterial growth. Solubilized zinc (Zn>*) was
quantified using Flame Atomic Absorption Spectroscopy (FAAS) on a
PerkinElmer PinAAcle 900 T spectrometer (wavelength 213.86 nm,
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slit width 0.7 nm, synthetic air at 10 L/min, acetylene at 2.5 L/min).
Bacterial growth was assessed by inoculating aliquots onto TSB and
agar plates and then incubating for 24 h at 25 °C. All steps were
performed in triplicate.

2.4. Microorganism Encapsulation. Two formulations were
evaluated in this study: PVA/Cationic Starch (PVACS) and PVA/
Cationic Starch/ZnO (PVACS-ZnO). Initially, PVA (S g) and CS (S
g) were dissolved in SO mL of distilled water and stirred in a water
bath at 80 °C for 15 min to form PVACS. After the solution was
cooled (25—30 °C), a cell suspension volume containing B.
megaterium (10 log,, CFU/g) was added under stirring for S min
to ensure complete dispersion. The formulation containing ZnO
followed the same base and inoculation procedure as PVACS.
However, after determination of the ideal amount of ZnO in the
previous step (Section 2.2), 0.5% ZnO (w/v) was added to PVACS at
room temperature and stirred for S min to ensure complete
homogenization of the element, resulting in PVACS-ZnO. Both
formulations were subsequently subjected to the microencapsulation
and drying process using the Spray Dryer MSD 1.0 (LabMaq),
operating with an outlet temperature of 70 °C, flow rate of 0.3 L/h,
and gas pressure of 1.2 m*/h. At the end of the procedure, the
resulting microcapsules were recovered and stored in Falcon tubes at
25 °C for future analyses.

2.5. Characterizations. 2.5.1. Morphological and Physicochem-
ical Analysis. Microparticles were analyzed using a scanning electron
microscope (SEM) with a JEOL (JSM-6510) at S kV, 10 mm working
distance, and equipped with an energy dispersive X-ray analysis
system (EDS spectrometer—NSS ThermoScientific). The size of the
microspheres was determined from the SEM images using Image]
software (National Institute of Health). Formulation phases were
identified using X-ray diffraction with a LabX XRD-6000 diffrac-
tometer (Shimadzu, Japan) operating with Cu—Ka radiation.
Diffractograms were recorded from 4 to 70° (26) at a scanning
speed of 1° min~'. The molecular structure was analyzed using
Fourier Transform Infrared Spectroscopy (FTIR) on a Bruker Vertex
70 model with an ATR accessory, covering the 4000—500 cm™" range
at a resolution of 4 cm™.

2.6. Encapsulated Material Assays. 2.6.1. Release Profile of
Microorganisms from the Matrices. The release of encapsulated B.
megaterium was studied by placing 0.1 g of microspheres in 5 mL of
0.85% NaCl solution at 30 °C and 250 rpm. Samples were taken at 2,
24, and 48 h. The samples were then diluted and cultured on TSB
medium and agar at 25 °C for 24 h. Each dilution was tested in
duplicate.

2.6.2. Stressful Conditions. Both free Bacillus and encapsulated in
PVACS and PVACS-ZnO were subjected to tests of thermal
resistance, exposure to UV light, and contact with fungicides and
insecticides, considering an initial concentration of bacteria of 9 log)o
CFU/g or mL.

The materials were tested for heat resistance at 50 °C for 2, 24, and
48 h. They were also exposed to UV light from six 1SW UV—C lamps
(Philips 15SW G15T8), with UV—C radiation of 4.9 W, for 10, 30, and
180 min, which corresponds to approximately 0.05, 0.14, and 0.84 J,
respectively. After each exposure, free bacteria were plated and
encapsulated bacteria were released in 0.85% NaCl solution at 30 °C
for 2 h. Samples were then inoculated onto TSB medium and
bacteriological agar in triplicate for each dilution. Plates were
incubated at 25 °C for 24 h, and colonies were counted.

To test resistance to the fungicide (Maxin) and insecticide (Cruiser
350 FS), free and encapsulated Bacillus were separately incubated in §
mL of the respective solution for 2 h at 30 °C. After exposure, 1 mL
samples were diluted and inoculated onto TSB medium and
bacteriological agar. Biological and analytical triplicates were prepared
for each dilution, and the plates were incubated at 25 °C for 24 h for
colony counting.

2.7. Accelerated Shelf Life Test (ASLT). The shelf life of the
studied matrices was estimated using an Accelerated Shelf life Test
(ASLT).*” Both free-form and encapsulated Bacillus (10° CFU/mL
or g) were stored at controlled temperatures (15, 30, and 45 °C) and
relative humidity (76% RH) for 28 days. Evaluations were conducted
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Table 1. Experimental Design of a Soybean Greenhouse Application

Zn per pot P per pot B. megaterium per pot (log;, CFU-
code description (mg-dm?) (mg-dm?®) dm
control no fertilization 0.00 0.00 0
PVACS-ZnO PVACS-ZnO without B. megaterium and without 4.50 0.00 0
phosphorus
PVACS-ZnO + P PVACS-ZnO without B. megaterium and phosphorus 4.50 150 0
PVACS-ZnO + bacteria PVACS-ZnO with B. megaterium and without 4.50 0.00 8.64
phosphorus
PVACS-ZnO + PVACS-ZnO with B. megaterium and phosphorus 4.50 150 8.64
bacteria + P addition
10 11.0
(@) Py (b)
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Figure 1. Zinc solubilized (a) and Bacillus megaterium growth (b) at different concentrations of ZnO (0—1% w/v) added to the Soy Tryptone

broth (TSB) culture medium.

every 7 days after the bacteria were released in NaCl solution
(0.85%). The release was done at 250 rpm in an orbital shaker at 30
°C for 2 h, and Colony-forming units (CFUs) were counted using the
plate-counting method. The estimated time for ASLT was determined
using first-order degradation kinetics and the Arrhenius equation to
calculate the k value for each temperature. All tests were performed in
triplicate.

‘= In(initial concentration) — In(final concentration)

= 0

(1)

2.8. Greenhouse Application. At this stage, PVACS-ZnO was
selected for soybean greenhouse application. One dm?® of autoclaved
(30 min, 121 bar) oxysol soil was placed in plastic pots (four
replications each). The soil composition is described in Table S1
(Supporting Information). With the exception of Control treatment,
each pot was fertilized with 200 mg of N/dm? applied as urea; 185 mg
of K applied as potassium sulfate, and 4.5 mg of Zn/dm? applied as
zinc oxide. Two concentrations of P were also evaluated: 0 mg of P/
dm® and 150 mg of P/dm’® applied as monobasic potassium
phosphate. Two sets of experiments were performed: with and
without B. megaterium inoculation (8.64 log;, CFU-dm?). The
experiments were also compared with those of the control treatment
without fertilization (Table 1).

The greenhouse experiments were conducted at Sio Carlos—SP—
Brazil (22° 00" 00” S, 47° 53’ 27" O), between the months of
November and December, average temperature of approximately 25
°C, and the soil substrate was constantly monitored ensuring
adequate water saturation (approximately S0% at the time of
watering). Artificial light supplementation was provided for 12 h
during the day. Soybean seeds (Glycine max (L.)) were germinated in
a germination chamber for 6 days before being transplanted into pots
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already fertilized with macronutrients. The plants were regularly
watered to prevent drought stress, and micronutrient fertilization was
applied after 2 weeks (Table S2, Supporting Information). Since a
nitrogenous source was included, the Bradyrhizobium sp. strain was
not added to the pots.

The plants were harvested after 4 weeks. Aboveground and roots
were collected, dried at 60 °C for 24 h, weighed to measure the dry
matter produced, and milled using a SOLAB knife mill. Soil samples
of each pot were also collected, dried, and stored for further nutrient
analysis. The nutrient composition (mainly focused on P and Zn) of
aboveground, roots, and soil substrate was determined by the
colorimetric method extracted with ion-exchange resin (P) and
extraction with DTPA and determination by atomic absorption
spectrophotometry (Zn).** The absorption of P and Zn was assessed
based on their accumulated concentration (%) in the shoot or dry
root matter and the dry matter generated (mg).

2.9. Statistical Analysis. The statistical analysis was conducted
using analysis of variance (ANOVA) and Tukey’s test at a 95%
confidence level to verify the stressful conditions, Accelerated Shelf
life Test (ASLT), and greenhouse application, utilizing the Origin
9.8.0.200 software.

3. RESULTS AND DISCUSSION

3.1. Solubility and Survival of B. megaterium at
Different Zinc Oxide Concentrations. Zinc plays a crucial
role in the biochemistry of organisms, including bacterial cells,
but high concentrations of this mineral can be toxic due to its
antimicrobial activity.** Therefore, this preliminary set of
experiments aimed to determine the maximum amount of zinc
oxide (ZnO), a source of zinc in water-insoluble powder form,
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Figure 3. Microspheres by scanning electron microscopy (SEM) micrographs: (a, b) PVACS; (c) and (d) PVACS-ZnO. PVACS (PVA/cationic

starch) and PVACS-ZnO (PVA/cationic starch-zinc oxide).

that could be added to the PVA/cationic starch (PVACS)
matrix without adversely affecting the encapsulated bacteria.
Figure 1 illustrates the percentage of solubilized zinc (Figure
1a) and bacterial growth at different concentrations of ZnO in
the medium (Figure 1b).

The optimal concentration among those evaluated was
determined to be 0.5% (w/v) ZnO. This concentration
showed an increasing trend in zinc solubilization over the
10-day period and initial bacterial growth that was superior to
that observed under other conditions. In the literature, it is
typically recommended to use a maximum concentration of
0.1% (w/v) zinc sources due to low bacterial tolerance,
resulting in solubility below 1% added zinc. However, the B.
megaterium strain used here demonstrated promising resist-
ance to higher concentrations of ZnO compared to what is
described in the literature, with a solubility of up to 8% in a 10-
day assay for the medium containing 0.5% ZnO and showing
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good development throughout the assay. It is hypothesized
that the zinc solubilization mechanisms by Bacillus are similar
to those observed for phosphorus solubilization (Figure 2).
ZnO particles are reactive in acidic medium, generating Zn*" in
solution, the ionic form being absorbable by plants. Thus, it is
believed that with the growth of B. megaterium in the soil
substrate, this microorganism releases organic acids into the
soil solution that can then act in the bioavailability of zinc from
ZnO to Zn>*. Furthermore, B. megaterium has been shown to
be tolerant to different metals, such as zinc; this behavior could
be related to the siderophores production also reported for this
microorganism, compounds that act efficiently as metal-
chelating agents. In other words, a potential proposal for B.
megaterium solubilization and tolerance mechanism involving
the ZnO compound probably involves the solubilization of
zinc through the production of organic acids, then the
siderophores produced act to control the levels of Zn** in

https://doi.org/10.1021/acsagscitech.4c00476
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Figure 4. Physicochemical characterizations of the films. (a) X-ray diffraction (XRD); (b) Fourier Transform Infrared Spectroscopy (FTIR).
PVACS (PVA/cationic starch) and PVACS-ZnO (PVA/cationic starch-zinc oxide).

the soil solution, ensuring that this nutrient is absorbed by the approximately 98% of the inoculated bacteria for both PVACS
plants, without producing antimicrobial effects according to and PVACS-ZnO, maintaining this value up to 24 h. However,
the conditions studied.*'*~">*~* after 48 h, the release exceeded 100% of the initially inoculated
3.2. Physicochemical and Morphological Character- bacteria, reaching 107% and 105% for PVACS and PVACS-
izations. Figure 3 shows the micrographs of spray-dried ZnO, respectively. These findings suggest that the matrix may
microcapsules of PVACS and PVACS-ZnO formulations. Both serve as a carbon source for the bacteria, considering its
formulations exhibited a similar size distribution (Figure S, reported ability to promote the microbial enzymatic action
Supporting Information), with average diameters of 5.52 =+ matrix degradation,” ™ aligning with previous studies high-
323 um (PVACS) and 5.61 + 3.72 um (PVACS-ZnO). lighting the ability of Bacillus bacteria to utilize PVA, starch,
However, PVACS microspheres exhibited a smooth surface and its derivatives as carbon sources for growth and
with only a few other microspheres adhering (Figure 3a,b). In multiplication, and a similar behavior could be expected in a
contrast, PVACS-ZnO microspheres displayed dispersed ZnO plant—soil system.””**°"
particles on their surface (Figure 3c,d), as confirmed by The matrix degradation rate directly influences bacterial
energy-dispersive X-ray analysis (Figure S2 in the Supporting release into the soil; accelerated degradation results in faster
Information). bacterial release, enabling controlled and gradual micro-
Regarding the physicochemical characteristics of the organism delivery that aligns with plant growth requirements.
produced materials, as illustrated in Figure 4a, the XRD This controlled release facilitates effective rhizosphere
pattern of the PVACS matrix is predominantly amorphous. It colonization, which can boost plant growth through nitrogen
suggests insufficient time for the orderly packing of the PVA fixation, phytohormone production, and nutrient solubiliza-
and SC chains using the spray-drying method. However, in the tion, such as phosphorus.””™>* Consequently, progressive
PVACS-ZnO matrix, the peak at 19.4° 2 theta corresponding matrix biodegradation correlates with a steady bacterial release,
to PVA could be identified. This behavior indicates that the sustaining a prolonged interaction between B. megaterium and
ZnO particles may favor the formation of the polymer matrix the host plant, enhancing plant growth, as demonstrated in
ordered network, even under rapid drying conditions, although greenhouse trials with other Bacillus species.” > Biodegrad-
qualitatively less crystalline than casting drying.”” As expected, able matrices like PVA and starch can thus be customized to
the PVACS-ZnO sample also shows the characteristic peaks of regulate bacterial degradation and release rates, optimizing the
Zn0,” as confirmed by the EDS spectrometer (Figure S2— plant performance over the growth cycle.
Supporting Information). At this stage, we confirmed the tolerance of B. megaterium to
The FTIR results (Figure 4b) show the characteristic bands ZnO at the previously established concentration (0.5% ZnO),
of PVA overlapped with the starch bands in the case of the as the release of bacteria was not negatively affected by the
PVACS sample and with ZnO in the case of the PVACS-ZnO presence of zinc compared to that of the formulation without
sample.”® There was no significant change in the vibrational the element. With the successful release and development of
modes with the addition of ZnO, suggesting that it primarily encapsulated bacteria in the matrix, it can be concluded that
acts as a filler in the matrix. the spray-drying process did not adversely affect the viability of
3.3. Encapsulated Bacteria. Figure S presents the results the encapsulated bacteria. Recent studies have shown the
of tests conducted with the PVACS and PVACS-ZnO effectiveness of microencapsulation of fungi and bacteria using
microspheres with B. megaterium encapsulated. Initially, we a spray dryer, preserving up to 90% of cell viability.”>***° 1t
conducted an assay to investigate the release profile of the aligns with the results observed in this study, where
encapsulated bacteria over 48 h, as illustrated in Figure 4a. approximately 98% cell viability was maintained.
With an initial inoculation of B. megaterium at 10 log;, CFU/g, When considering agricultural applications of the product, it
we observed that within 2 h, the microspheres released is crucial to consider the potential stresses that cells may
1275 https://doi.org/10.1021/acsagscitech.4c00476

ACS Agric. Sci. Technol. 2024, 4, 1271-1283


https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.4c00476/suppl_file/as4c00476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.4c00476/suppl_file/as4c00476_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.4c00476/suppl_file/as4c00476_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00476?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00476?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00476?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00476?fig=fig4&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.4c00476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Agricultural Science & Technology

pubs.acs.org/acsagscitech

12.0
(a) Release
= 115 ]~ ® -PVACS
c) B
S - ® -PVACS-ZnO
L 11.0
o .
& 10.5 SR
L LTl
7 10.0 1 _zz="7
3 e
o 954!
° 9.0 :
B
S
= L1 L
ko) 2 =
S I
[ i
g 1.0 :
o 05
00 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Time (h)
12.0
(c) Heat
11.5 9| No exposure
11.0 - {::’ After 2h of exposure
'] After 24h of exposure
10.5 4 After 48h of exposure
10.0 Aa Ba A2 Ap

9.5+
9.0 4
8.5
8.0 4

AN

1.5
1.0
0.5+
0.0 -

B. megaterium survival (log,, CFU/g)

PVACS
Exposure to heat (50°C)

PVACS-ZnO

Free Bacillus

12.0
(b) UV-light

S 115 9[__]No exposure
S 11.0- v/ 10min of exposure
LL 30min of exposure
oo 10.5 4R5XX2 180min of exposure
o 10.0 Aa
o
~ 9.5
©
2 9.0+
c
2 8.5
§ 8.0
t = V-
ko) = =
S
S 1.5
£ 104
Q o5

0.0 -

Free Bacillus PVACS PVACS-ZnO
Exposure to UV-light
12.0
(d) Agrochemicals
S 1154 | Noexposure
5 | After 2h of exposure of Fungicide
6 11.0 | After 2h of exposure of Insecticide
=

o 10.54
2 100 Aa Ba Aa Aa
(_5 -V Bb
2
S 954
2 00 Ba Ca Ca
o ” L
k) 2 2
S
S 1.5 4
E 104
Q o5

0.0 -

PVACS PVACS-ZnO
Exposure to Agrochemicals

Free Bacillus
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encounter during field application, such as exposure to
pesticides, heat, and UV light.ss_éo Thus, both free bacteria
and encapsulated microspheres were exposed to stressful
conditions, including UV light (Figure Sb), heat (Figure Sc),
and agrochemicals (Figure 5d).

Regarding exposure to UV light, the PVACS-ZnO
formulation stood out, maintaining up to 95% bacterial
survival over 180 min of exposure when compared to that of
the control without exposure. Meanwhile, PVACS experienced
a slightly more pronounced reduction with survival of up to
93% over the same period. Free bacteria were the most affected
by UV light exposure with up to 88% survival during the
experiment. All data are statistically significantly different
comparing each exposure (or no exposure) time. Thus, the
enhanced protection of the ZnO-containing material is
attributed to its recognized ability to filter UV light, commonly
used in products such as cosmetics.”’~** The UV light
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protective ZnO particles mechanism involves absorb, reflect,
and retain of UV light photons, primarily operating in
photoprotection through the absorption of UV radiation,”>®°
directly contributing to the barrier protection for B.
megaterium. Nevertheless, the comparison between free Bacillus
and PVACS formulations shows the UV protective potential of
this proposed matrix, even without ZnO addition. This
behavior can be related to two main PVACS matrix main
factors. Starch films also present some UV absorption
potential, especially in the UV—C region, and it is substantially
increased, for example, by ZnO particles incorporation. In
addition, both the PVA and starch films present oxygen
blocking property, reducing the oxidative stress caused by UV
exposure.éé_m

Thermal stress is another significant factor affecting
microorganisms in the field. The rise in temperature due to
global warming threatens agricultural production, negatively
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Table 2. Free and Encapsulated B. megaterium to Achieve a Complete Loss of Cell Viability”

free bacteria

30
5.6

15
6.6

45
4.8

temperature of storage (°C)

months to lose viability

PVACS PVACS-ZnO
15 30 45 15 30 45
10.4 82 6.7 13.7 8.7 5.7

“PVACS (PVA/Cationic Starch) and PVACS-ZnO (PVA/Cationic Starch-Zinc Oxide).

impacting the viability of microorganisms and various plant
developmental stages.”'
organisms under high temperatures for agricultural applications
is limited, with most studies focusing on cells intended for food
processing or the elimination of Bacillus considered contam-
inants.”>”? Both formulations maintained the initial viability of
bacteria, even after exposure to 50 °C, with the encapsulated
material providing satisfactory protection for B. megaterium
throughout the experiment. It contrasts with the observed
result for free bacteria, which experienced a progressive loss of
viability, with survival rates of 93%, 91%, and 88% after 2, 24,
and 48 h, respectively. In general, the statistically significant
analysis shows that both PVACs and PVACs-ZnO formula-
tions are different from free Bacillus. When PVACs and
PVACs-ZnO formulations were compared in relation to each
time of temperature exposure, after 2 h, PVACs-ZnO proved
to be statistically different with a result slightly above PVACs
(99 and 100%, respectively). It can be related to the higher
thermal stability of ZnO compared to PVA and starch.”*~"°

Lastly, exposure to agrochemicals (fungicides and insecti-
cides), commonly used in modern agriculture to combat pests
and plant diseases and potentially affecting the viability of
microorganisms,77 is presented in Figure 4d. Both formulations
offered similar protection against the fungicide, with PVACS
slightly reducing bacterial survival to 99%, while PVACS-ZnO
maintained entire viability after contact with the solution
compared to 100% survival of free Bacillus. Regarding the
insecticide, encapsulated Bacillus showed 97 and 99%, survival
rates for PVACS and PVACS-ZnO, respectively, compared to
100% survival of free Bacillus. The agrochemicals in this assay
did not affect the survival of the free bacteria.

Research on the survival of micro-
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The main mechanisms involved in protecting B. megaterium
against UV radiation, thermal stress, and agrochemicals are
illustrated in Figure 6. This figure synthesizes the protective
roles of the PVACS-ZnO matrix, highlighting how it serves as a
barrier against these environmental challenges while facilitating
the controlled release of bacteria into the soil.

3.3.1. Accelerated Shelf life Test (ASLT). In developing
matrices for microorganism encapsulation, it is crucial to assess
cell viability during storage due to the lack of globally
established standards for commercializing these products.”® In
this study, we employed the Accelerated Shelf life Test
(ASLT) methodology, commonly used in the food industry, to
estimate the shelf life of microspheres containing strain B.
megaterium, simplifying viability analysis through mathematical
models.*” Table 2 shows the estimated time for bacterial
viability loss under various storage temperatures and high
humidity conditions to accelerate particle degradation. The
time needed for complete viability loss is presented in days for
both free and encapsulated bacteria, offering insights into the
formulations’ effectiveness in preserving bacterial viability.
Tables and graphs related to the ASLT shelf life estimation
calculations are available in Tables S3, S4, and S5 (Supporting
Information).

Temperature plays a crucial role in storage, significantly
affecting microorganism viability, as observed in this experi-
ment, where there was a reduction in estimated shelf life for all
matrices as the storage temperature increased. Both free and
encapsulated bacteria showed a higher estimated shelf life at 15
°C. Among the evaluated matrices, PVACS-ZnO stood out,
achieving the best performance with up to 13.5 months for
complete viability loss. In the case of PVACS, the total loss
reached approximately 10.3 months. In contrast, free B.
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Figure 7. Pot with soybeans at the end of the experiment as follows: control (no fertilization); PVACS-ZnO: PVACS-ZnO without B. megaterium
and phosphorus; PVACS-ZnO + P: PVACS-ZnO without B. megaterium and with phosphorus; PVACS-ZnO + bacteria: PVACS-ZnO with B.
megaterium and without phosphorus; PVACS-ZnO + bacteria + P: PVACS-ZnO with B. megaterium and phosphorus. PVACS (PVA/cationic

starch) and PVACS-ZnO (PVA/cationic starch-zinc oxide).

megaterium experienced total viability loss in 6.6 months. The
studied matrices, especially PVACS-ZnO, contributed to
doubling the shelf life of encapsulated microorganisms
compared to free microorganisms, confirming the protection
observed in stress tests (Figure 4) and highlighting the
protective environment provided for encapsulated Bacillus.

3.4. Greenhouse Application. Overall, the greenhouse
trial results demonstrated the effectiveness of PVACS-ZnO
with encapsulated B. megaterium in promoting plant growth,
indicating its promising application as a biofertilizer for more
sustainable agricultural practices. These favorable outcomes,
coupled with the ease of production through atomization, the
formulation ability to protect cells against stressful field
conditions, and the satisfactory maintenance of viability during
storage, highlight the material's potential as a novel and
efficient biofertilizer.

The agronomic eficiency of PVACS-ZnO was evaluated in a
greenhouse trial to investigate the effect of zinc in soybean
plants as a model. The experiment results are presented in
Figures 7 and 8. The analysis included treatment control (no
fertilization) and PVACS-ZnO without B. megaterium, both
without P (PVACS-ZnO) and with phosphorus (P) addition
(PVACS-ZnO + P), as well as PVACS-ZnO containing B.
megaterium, again without P (PVACS-ZnO + bacteria) and with
P addition (PVACS-ZnO + bacteria + P).

In terms of composition, a significant increase in aerial
biomass production was observed in treatments with bacteria
(PVACS-ZnO + bacteria and PVACS-ZnO + bacteria + P)
compared to their respective counterparts without the addition
of the microorganism (PVACS-ZnO and PVACS-ZnO + P)
(Figure 8a). Treatment PVACS-ZnO, despite receiving
fertilization excluding phosphorus, showed biomass production
statistically equivalent to the unfertilized control, highlighting
the crops high demand for phosphorus.””*’ However, when
comparing treatments with P supplementation, such as
PVACS-ZnO + bacteria + P, a considerably higher aboveground
biomass production was evident than for treatments without P
supplementation, as seen in PVACS-ZnO + bacteria. The
average values for root biomass production exhibited trends
similar to those observed for aerial biomass production, with
only the PVACS-ZnO + bacteria + P treatment showing
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statistical significance compared to the others (Figure 8b).
Although root scanning was not performed, it was observed
that the absence of P significantly altered the number of root
branches (control, PVACS-ZnO, PVACS-ZnO + bacteria).
Nevertheless, even in the absence of P (PVACS-ZnO +
bacteria), the presence of B. megaterium seems to favor root
branching, such as shorter and thinner roots with a hairy effect,
while PVACS-ZnO treatment presents longer and thicker
roots. These findings agree to the B. megaterium ability to also
produce phytohormones, such as gibberellin, cytokinin
(zeatin), and abscisic acid, but more specifically indole-3-
acetic acid, a phytohormone that is related to root grown
stimulation.'"~** However, further study is needed to provide
more details about the effect of the proposed materials on root
architecture.

The same discussion applies to aerial biomass production
and can be applied to phosphorus analysis (Figure 8c). This
behavior may be related to the very low available nutrient
concentration in the original soil (Table S1), which can harm
the initial development of plants until microorganisms can
develop, effectively occupying the entire rhizosphere and then
promoting greater availability of P and Zn. The delay in
bioavailability slows down the development and loading of the
plant with phosphorus and zinc.*""** Moreover, in the case of
Zn (Figure 6d), as additional evidence of the synergistic effect
between the microbiological activity of B. megaterium and a
minimum concentration of readily available P., the PVACS-
ZnO + bacteria + P sample demonstrated a significant increase
in Zn uptake, for example, compared to the PVACS-ZnO + P
sample, that is, without inoculation of the microorganism but
only with P supplementation.

The analysis of residual P (Figure 8e) and Zn (Figure 8f) in
the soil substrate after greenhouse application showed, as
expected, that the experiments with P supplementation still
present a high content of this nutrient, around 40% (60 mg:
dm?®) of the dose initially applied (150 mg-dm®). The residual
soil from the PVACS-ZnO sample is statistically equivalent to
the control without nutritional supplementation or adding B.
megaterium. However, the PVACS-ZnO + bacteria sample
showed a subtle increase in available P concentration (~ 2.5 to
~4 mg-dm®, control and PVACS-ZnO + bacteria, respectively)
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Figure 8. Results obtained from the greenhouse application trial. Dry matter production of aerial (a) and roots (b); nutrient uptake per pot—P (c)
and Zn (d); and residual nutrient in soil, P (e) and Zn (f). Control (no fertilization); PVACS-ZnO: PVACS-ZnO without B. megaterium and
phosphorus; PVACS-ZnO + P: PVACS-ZnO without B. megaterium and with phosphorus; PVACS-ZnO + bacteria: PVACS-ZnO with B.
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which indirectly suggests that the microbial activity of B.
megaterium also contributes to an increase in the concentration
of P in the residual soil. A different behavior is observed in the
analysis of Zn in the residual soil (mg-dm?). The PVACS-ZnO
+ bacteria + P sample indicates a low Zn content in the residual
soil, with values close to the control; this can be explained by its
significant uptake in aerial biomass compared to the other
samples. The PVACS-ZnO sample remains statistically
equivalent to the control. The explanation is that although
Zn was supplemented, the absence of B. megaterium and the
delay in plant development due to the very low P content
compromised the solubilization and uptake of this micro-
nutrient. As further proof of the effectiveness of bacteria in Zn
solubilization, a significant increase in residual Zn content is
observed compared to the other samples except for the
PVACS-ZnO + P sample. In this last case, the release of
biomolecules by soybean roots also synergizes Zn solubiliza-
tion. However, it appears to be dependent on the
concentration of available P.*’

In overall, this study demonstrated that the B. megaterium
strain presents a high potential for solubilizing zinc by
effectively solubilizing zinc oxide. PVA/cationic starch and
zinc oxide microspheres (PVACS-ZnO), produced by spray
drying, demonstrated superior cell protection under stressful
conditions, such as UV exposure, heat, and agrochemicals.
Accelerated Shelf life Tests (ASLT) indicated extended cell
viability of PVACS-ZnO microspheres compared to free
bacteria, doubling the estimated shelf life of the bacteria and
highlighting their effectiveness in preserving bacterial viability
during storage. In greenhouse experiments, the presence of
zinc and B. megaterium in the formulation significantly
influenced the increase in aerial and root biomass production
of soybean plants, and promoted greater absorption of
phosphorus and zinc nutrients by soybean biomass. The
observation of a low zinc content in residual soil corroborated
the positive effect of zinc. These results suggest that both
bacteria and zinc in the matrix benefited plant growth and
nutrient absorption, indicating the promising potential of the
PVACS-ZnO microspheres as an effective biofertilizer.
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