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Introduction

Mechanistic insights into the synergistic
antimicrobial activity of nanodelivered sodium
polysulfide as a sustainable strategy to combat
Xanthomonas pathogens

Jorge Pereira, 2 **® Edwin Davidson, (2@ Melissa M. Deinys,>< Allison Lloyd,”
Preeti Maiti,*° Javier Rivera-Huertas,”< Atiya Banerjee,® Shengli Zou,?
Bradley Demosthene,” Laurene Tetard (2 ®© and Swadeshmukul Santra (2 @b
Nanopesticides offer a promising avenue for crop management by enhancing efficacy over their conven-
tional counterparts. Advances in managing surface-restricted plant pathogens have been reported using
magnesium-based nanomaterials, but their role as delivery systems for conventional pesticides remains
unexplored. This study introduces Nano-Magnesium Hydroxide (MgSol) as a delivery platform for Sodium
Polysulfide (NaPs), elucidates the physicochemical interactions between the treatments, determines the
ramifications of the changes on their antimicrobial mode of action, and evaluates the plant’s response. A
comprehensive investigation using theoretical and experimental approaches provides insights into the
adsorption of polysulfide ions onto Mg(OH), surfaces, leading to particle agglomeration and enhanced
polysulfide stability. Temporal monitoring demonstrates that nanodelivered NaPs remain chemically active
12 times longer than the conventional counterpart. Antimicrobial assays confirm that nanodelivered NaPs
possesses synergistic bactericidal activity, achieving an 8-fold greater potency than its components.
Mechanistic studies unveil that nanodelivered NaPs drives intracellular peroxidation, leading to membrane
disruption. Lastly, conditions for plant and seed biocompatibility are identified, with foliar residue studies
showing an improvement in Mg deposition. Altogether, these findings showcase the potential of nano-
enabled agrochemical delivery via inorganic nanoparticles to sustainably mitigate crop loss, supporting
food security amidst rising global demands.

it is necessary to increase crop production significantly® ™"

while minimizing crop losses due to pathogen infections."?

Phytopathogenic bacteria, responsible for worldwide losses
exceeding one billion dollars each year, represent a significant
threat to global food safety." The Xanthomonas genus is par-
ticularly virulent and severely impacts a wide range of crops.>*
Pathogenic strains from this genus are known to cause disease
in tomatoes, peppers, legumes, and leafy greens, among many
other crops.”® These infections not only reduce crops’ pro-
ductivity but can also affect the fruit and diminish marketable
yield.””® In order to meet the estimated food demand by 2050,
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Xanthomonas often infect leaf tissues through the stomata,
hydathodes, or other openings, and then multiply in the meso-
phyll tissues causing necrotic spots.” Chemical disease man-
agement of Xanthomonas pathogens includes copper-hydroxide
biocides,">'* dithiocarbamate fungicides (i.e., mancozeb)'*'®
and antibiotics, such as oxytetracycline.'” Even though these
chemicals are applied regularly, disease severity can still be
high when conditions are favorable for the pathogens.'®?°
Nanomaterials have shown some promise to improve crop pro-
tection.>’ A recent analysis estimated that nanopesticides can
provide a 19% efficacy boost in field trials compared to their
conventional counterparts,”” together with better biocompat-
ibility, lower leaching, and better retention of activity. While
the potential of nanotechnology-based strategies has been
established, producing more effective crop protection tools that
are also biocompatible and environmentally friendly is critical.

Magnesium oxide and hydroxide nanoparticles have gar-
nered a lot of attention due to their antimicrobial properties

This journal is © The Royal Society of Chemistry 2025
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and lower negative environmental impact, when compared to
transition metal-based nanomaterials.”*>® Magnesium oxide
nanoparticles have previously outperformed commercial pro-
ducts in reducing the severity of bacterial spot of tomatoes in
the greenhouse, and in field conditions.””*° Recently, mag-
nesium-copper hydroxide hybrid nanomaterials significantly
reduced the severity of bacterial spot of tomato in field trials
against copper tolerant bacterial strains.*® Nevertheless,
copper-based pesticides have been used for over a century,
which has led to copper accumulation in topsoil, among other
environmental issues.’” Therefore, it is important to create
alternate strategies to replace copper-based pesticides.

Using sulfur to improve performance of magnesium-based
nanopesticides provides an alternative towards sustainable
crop protection. As sulfur is an essential secondary macronu-
trient for plants,® it does not pose any major ecological
threat, and as such, is widely used in agriculture.***’

Previous works studied combinations of inorganic pesticides
focused on cations also playing the role of micronutrients in
plants such as Cu®*, Zn*", and Fe*".***” Toxicity and poor abun-
dance constitute challenges in their implementation. When
searching for alternative treatments, considering safety, econ-
omic viability, efficacy, and plant compatibility is essential.*®

Polysulfide formulations, such as lime sulfur, are approved
for agricultural use. They provide higher potency against foliar
pathogens than elemental sulfur.’>*° However, polysulfide
ions undergo two main degradation reactions under ambient
conditions. The primary reaction polysulfide
oxidation:*!

involves

Sy*” +3/20, — $,03% + (X —2)/8 Sg (1)

Followed by their disproportionation reaction to sulfur and
sulfide:*>*

SY” = $ +(X—1)/8 Sg (2)

in which 2 < X < 8. These reactions quickly reduce the
effective concentration of polysulfide ions, limiting their anti-
microbial capacity. Therefore, it is imperative to improve the
stability and delivery of polysulfide ions to harness their bioci-
dal potential.

Here we report the design and evaluation of a magnesium-
sulfur nanoformulation (MgSuN), prepared by using magnesium
hydroxide nanoparticles (MgSol) to deliver sodium polysulfide
(NaPs). To understand the first nano-enabled delivery of polysul-
fide pesticide using magnesium hydroxide nanoparticles, the
interactions between NaPs and MgSol are studied, as well as the
physicochemical changes the formulation undergoes over time.
Radical scavenging assays provide insight into the effect of MgSol
on the chemical properties of NaPs as a function of time. The
synergistic antimicrobial properties and mode of action of
MgSuN are evaluated through multiple assays (e.g. checkboard,
MBC, DNA leakage, among others). Furthermore, the plant inter-
actions with MgSuN are assessed to determine the formulation’s
safety and biocompatibility based on different concentration
ratios, using Capsicum annuum and Solanum lycopersicum plants.

This journal is © The Royal Society of Chemistry 2025
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Materials and methods
Material synthesis

The magnesium hydroxide nanoformulation (MgSol) was syn-
thesized using a previously published protocol.>* Briefly,
21.1 g of magnesium nitrate hexahydrate (Thermo Fisher
Scientific, Waltham, MA) and 12.1 g trisodium citrate dihy-
drate (Thermo Fisher Scientific, Waltham, MA) were dissolved
in 60 mL of deionized water (DI) under magnetic stirring. After
complete dissolution, an aqueous 5.0 M sodium hydroxide
solution was added dropwise into the magnesium solution
until the mixture reached a pH of 10.2. Finally, the suspension
was left to stir for 24 hours before adjusting the volume with
DI water to obtain a final concentration of 20000 mg L™*
(ppm) of Mg.

Sodium polysulfide (NaPs) was prepared by the alkaline
hydrolysis of elemental sulfur. First, 14.3 g of elemental sulfur
(Thermo Fisher Scientific, Waltham, MA) were suspended in
75.0 mL of aqueous 5.0 M sodium hydroxide solution. Then,
this suspension was heated to approximately 98 °C, while stir-
ring until the elemental sulfur fully dissolved. The resulting
solution exhibited a deep orange color. The concentration was
adjusted to 143 000 mg L™" (ppm) of S.

The MgSol and NaPs formulations were combined at low
concentrations (800-200 ppm) for some of the experiments.
The combinations resulted in a nanoparticle suspension that
contained Mg and S, which is abbreviated as MgSuN hereafter.

Checkerboard assay

The antibacterial interactions of MgSol and NaPs on
Xanthomonas alfalfae subsp. citrumelonis (Xac; ATCC 49120),
wildtype Xanthomonas perforans (91-118; Xp),** and
Pseudomonas syringae (Ps; ATCC 19310) were assessed using a
checkerboard assay.***® MgSol was serially diluted vertically in
a sterile 96 well plate and NaPs was serially diluted horizon-
tally in the same well plate. The treatment concentrations were
adjusted to cover a range from 512 to 8 ppm of Mg for MgSol
and 512 to 0.5 ppm of S for NaPs.

Afterwards, a bacterial suspension was adjusted to ~1 x 10°
CFU mL™" by first adjusting the optical density at 600 nm
(OD600) to 0.1 and then diluting the suspension a hundred-
fold in nutrient broth. Subsequently, the bacteria were added
to each well to achieve a final concentration of ~5 x 10° CFU
mL ™. The inoculated plates were set to incubate at 28 °C in an
orbital shaker rotating at 150 rpm. As an indirect measure-
ment for bacterial growth, the OD600 was measured after
48 hours using an Infinite M200 Pro (Tecan, Méinnedorf,
Switzerland). The minimum inhibitory concentration (MIC)
was defined as the lowest concentration of each series that
resulted in an average OD600 lower than 0.1. All experiments
were carried out in triplicates (n = 3).

Next, the bactericidal activity of the treatments was evalu-
ated by inoculating a 96 well plate containing 50 pL of nutrient
agar in each well, with 25 pL of treated bacterial suspensions
that resulted from the checkerboard assay. The minimum bac-
tericidal concentration (MBC) was determined as the statistical
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mode of the lowest concentration in a series that prevented

bacterial colonies formation after 48 hours of incubation.*”
The Fractional Inhibitory Concentrations (FIC) was calculated

based on the checkerboard results using the following equation:

[NaPs]
MICnaps

[MgSol]
MICMgSol

FIC =

where [NaPs] and [MgSol] are the concentrations of the antimi-
crobials in a specific well, MICy,ps and MICygs, are the MIC of
the respective antimicrobials. The interaction between NaPs and
MgSol were categorized using the FIC values: values over 4 were
deemed as antagonistic, values between 4-0.5 were regarded as
additive and values under 0.5 were considered to be synergistic.
The Fractional Bactericidal Concentrations (FBC) were also cal-
culated using the same equation by replacing the MIC with the
MBC results. The resulting FBC values were subjected to the
same criteria as the FIC to categorize the bactericidal interaction
of MgSuN.

DNA leakage assay

Bacterial cells were cultured in nutrient broth for 24 hours in
an orbital shaker incubator (Inova 4000, New Brunswick
Scientific) at 150 rpm and 28 °C. After incubation, the bacterial
stock solution was centrifuged at 5000 rpm for 10 minutes to
pellet the cells. The pellet was then resuspended in a sterile
10 mM MgSO, solution and adjusted to an OD600 of 0.1.
Subsequently, the suspension was diluted to obtain a final cell
density of approximately 1 x 10° CFU mL™". Afterwards, the
bacteria were treated with MgSuN (64 ppm Mg/2 ppm S), NaPs
(2 ppm S), MgSol (64 ppm Mg), or left untreated, and incu-
bated at 28 °C on an orbital shaker at 150 rpm for 4 hours.
Following this period, the bacteria were centrifuged at 10 000
rpm for 10 minutes and the supernatant was collected to
measure the absorbance at 260 nm using a Synergy H1
Microplate Reader (Agilent, Santa Clara, CA) given that DNA
absorbs at this wavelength. All experiments were conducted in
triplicates (n = 3).

Intracellular reactive oxygen species (ROS) quantification

To evaluate oxidative stress induced by the treatments, intra-
cellular ROS was measured using 2',7'-dichlorofluorescein dia-
cetate (DCFH-DA; Thermo Fisher Scientific, Waltham, MA), fol-
lowing established protocols.”® For this, bacterial pellets
obtained following the DNA leakage assay were resuspended in
2 mL of 10 mM MgSO, and DCFH-DA was added to achieve a
final concentration of 10 pM in solution. Subsequently, the
samples were incubated in the dark for 30 minutes to allow
the dye to react with the ROS. Then the stained samples were
centrifuged (10000 rpm for 10 min) and resuspended in a
10 mM MgSO, solution to eliminate residual dye. Finally, the
bacterial suspensions were resuspended in 0.8 mL of the
MgSO, solution and aliquoted into a 96-well microplate. To
ensure homogeneity, the plate was agitated for 10 seconds
before analysis. The fluorescence intensity at 520 nm (exci-
tation 4 = 485 nm) was measured using a plate reader.

22176 | Nanoscale, 2025,17, 22174-22189
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The specific ROS species were identified using a variation
of a previously reported methodology.*® First, intracellular
hydrogen peroxide (H,O,) levels were investigated using a
Fluorometric Hydrogen Peroxide Assay Kit (Sigma-Aldrich,
St Louis, MO), following the manufacturer’s instructions. For
this, the bacterial suspensions were treated and purified, simi-
larly to the DNA leakage protocol, and then incubated with the
assay working solution containing a red peroxidase substrate
and horseradish peroxidase. This resulted in a fluorescent
signal dependent on the oxidation of the substrate caused by
H,0,. After a 30-minute incubation in the dark, the fluo-
rescence at 590 nm (excitation 4 = 540 nm) was measured
using a plate reader.

Intracellular hydroxyl radical levels were also assessed,
using hydroxyphenyl fluorescein (HPF; MedChemExpress,
Monmouth Junction, NJ). In this case, the treated bacterial
suspensions were centrifuged at 5000 rpm for 10 minutes, and
the resulting pellets were washed once with 10 mM MgSO,.
Following this, the pellets were resuspended in 1.0 mL of
10 mM MgSO, containing 10 pM of the HPF. Finally, the
samples were incubated in the dark at room temperature for
15 minutes and transferred to a 96-well microplate, where the
fluorescence was measured (emission 4 = 520 nm and exci-
tation 4 = 490 nm).

All fluorescent readings were performed using a Synergy H1
Microplate Reader (Agilent, Santa Clara, CA). Furthermore, the
experiments included untreated bacterial suspensions and
treatment-dye solutions as blanks, and each sample was ana-
lyzed in triplicate (n = 3).

Raman and UV-Visible spectroscopy

The content in polysulfide of the solutions was assessed using
Raman and UV-Visible spectroscopies. Raman spectra were
collected using a confocal Raman Microscope (Horiba
LabRAM HR Evolution Nano, Japan) equipped with a SIN-EM
FIUV detector and a 532 nm excitation laser. 10.0 pL of the
sodium polysulfide solution was deposited on a glass slide.
The excitation laser was focused in the droplet volume using a
10x objective. A pinhole aperture of 100 pm was used for the
confocal microscope. Raman spectra (20-675 cm™') were
acquired using a 1800 m per gr grating, an acquisition time of
15 s and 5 accumulations.

UV-Visible spectra were acquired with a Synergy H1
Microplate reader (Agilent, Santa Clara, CA). Initially, the
samples were serially diluted by half, using DI water, in a
96-well plate. UV-Visible spectra were collected from
230-700 nm, using a step size of 2 nm.

Scanning electron microscopy and energy dispersive
spectroscopy

The changes in morphology MgSuN undergoes over the course
of 24 hours under magnetic stirring were studied using
Scanning electron microscopy (SEM). Initially, MgSol and
NaPs were diluted to 800 ppm of Mg and 400 ppm of S,
respectively, using DI under magnetic stirring. Then samples
were collected 24 hours after the dilutions. The samples were

This journal is © The Royal Society of Chemistry 2025
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centrifuged at 12000 rpm for 10 minutes and the resulting
pellet was resuspended in DI. The separation and resuspen-
sion steps were repeated two more times before drop-casting
the suspension on a silicon wafer. The SEM images of the
dried residue were obtained using the Inlens detector of a
Zeiss Nvision 40 (Zeiss, Oberkochen, Germany). The experi-
ment was also performed utilizing NaPs, to understand the
effect of MgSol in the morphology of the resulting particulate
after 24 hours of stirring. EDS spectra were collected using a
Hitachi TM 3000 (Hitachi, Tokyo, Japan) from purified MgSuN
samples obtained after 0, 2, 4, 8, and 24 hours of stirring.

Fourier transformed infrared spectroscopy and X-ray
diffraction

Changes in crystallinity that the treatments undergo over
24 hours were studied using Fourier Transformed Infrared
Spectroscopy (FTIR) and X-ray diffraction (XRD). The formu-
lations were diluted with DI to obtain a final concentration of
800 ppm of Mg for MgSol, 800 ppm of S for NaPs or 600 ppm
Mg, and 200 ppm S for MgSuN. After stirring for 24 hours, the
particles were separated and purified by centrifuging the sus-
pensions at 12 000 rpm for 10 minutes and washing the pellet
with DI three times. After that, the suspensions were frozen
and lyophilized (FreezeZone, Labconco, Kansas City, MO). The
powder was analyzed by XRD using a PANalytical Empyrean
XRD (Malvern Panalytical, Malvern, UK) set at 45 kV/20 maA,
using a scan speed of 0.06° s™*, and a step size of 0.05°. The
infrared spectra were collected with a Spirit spectrometer
(Shimadzu, Kyoto, Japan) equipped with a single-reflection
attenuated total reflectance attachment (QATR-S), averaging 40

scans at a resolution of 1.42 ecm™".

Computational models

The polysulfide ion adsorption onto the surface of the Mg
(OH), present in MgSol was analyzed using computational
models. An optimized bulk Mg(OH), structure was used to
generate surface models with appropriate thickness for esti-
mating both bulk and surface behaviour. Sodium polysulfides
(Na,S,) were considered to describe the polysulfide species for
adsorbate models as it is well established that conformation-
ally, polysulfides can aggregate in both ordered and disordered
forms.*® The number of sulfur atoms involved ranged from 1
to 8.

Surface adsorbate models were built in VAS
jected to DFT calculations employing the PBE exchange-corre-
lation functional®® to describe the non-classical -effects.
However, an implicit model, laid out in VASPsol, was utilized
to describe the solvent effects of the aqueous synthesis
environment.>>*” Additional details of the computational pro-
tocol are provided in the SI.

P>°>* and sub-

Radical scavenging activity

To determine the effect of MgSol on the reactivity of polysul-
fide ions, a radical scavenging assessment was performed
using a 2,2-diphenyl-1-picrylhydrazyl (DPPH, Fisher Scientific,
Pittsburgh, PA) assay with some modifications.””*® Firstly,

This journal is © The Royal Society of Chemistry 2025
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MgSuN samples were prepared at different concentrations of
Mg:S (0:60, 20: 60, 60:60, and 180:60 ppm) and stirred for
up to 24 hours to evaluate how different concentration ratios
affected polysulfide degradation. Aliquots were collected at 0,
2, 8, 16, and 24 hours for the radical scavenging activity assess-
ment. Then, absorbance spectra were recorded from 300 to
700 nm using a Synergy H1 Microplate Reader (Agilent, Santa
Clara, CA) upon mixing 10 pL of the DPPH stock solution
(0.25 mg mL™") with 190 uL aliquot of the samples in a well
plate.

Assessment of phytotoxicity, rainfastness and chemical
residue

Capsicum annuum (Sweet Bell Pepper variety) and Solanum lyco-
persicum (Better Boy variety) were sourced locally (Bonnie
Plants, Union Springs, AL). The plants’ foliage was thoroughly
washed with DI and the plants were placed in a growth
chamber (Panasonic, Japan) set at 25 °C, 60% relative humid-
ity and 18 h/6 h day-night cycle, for 3 days. After the acclimatiz-
ation period, the plants were sprayed with 25 mL of the formu-
lations, left to air dry and reintroduced into the growth
chamber. The phytotoxicity, rainfastness, and chemical resi-
dues on the leaves were evaluated 72 hours after the foliar
application. The phytotoxicity was evaluated according to a
severity scale with four levels (unaffected, minimal, moderate,
and severe), based on the incidence of necrotic tissues and
leaf burn.>® The leaves were categorized according to the scale
and the percentage of leaves affected was calculated. Three
plants (n = 3) were utilized for the phytotoxicity evaluation.
Additionally, tissue samples were collected and the chemical
residue on the surface of leaves was imaged using EDS on a
Hitachi TM 3000 SEM (Hitachi, Tokyo, Japan) operated at 15
kv. The rainfastness was evaluated according to a previously
published protocol.®® Leaf samples of each treatment (n = 4)
were collected and subjected to 3 consecutive DI immersions
to simulate rainfall events. Lastly, the samples were immersed
in 0.1 M HCI to remove all the material that was still adhered
to the cuticle. All immersions were performed in conical cen-
trifuge tubes, using 40 mL of volume for 30 seconds with tum-
bling, to ensure the leaf was completely immersed. The con-
centration of Mg>" in the washes was quantified through
Atomic Absorption Spectroscopy (AAS) with an AAnalyst 400
Spectrometer (PerkinElmer, Waltham, MA) utilizing a cali-
bration curve ranging from 2-0.125 pg Mg mL™' prepared
using a 1 mg Mg mL™' standard solution (Thermo Fisher
Scientific, Waltham, MA).

Seed priming studies

Seed priming experiments were performed to understand the
effect of the formulations on germination. For this, 30 sweet
bell pepper seeds (Sow Right Seeds, Greenwood, MO) were sub-
merged in 45 mL of different treatments for 24 hours.
Afterwards, 10 seeds for each treatment were sown individually
in 4-inch pots filled with commercial potting mix (The Scotts
Miracle-Gro Company, Marysville, OH) and placed in a green-
house. MgSuN, MgSol, and NaPs treatments were applied at

Nanoscale, 2025,17, 22174-22189 | 22177
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64 ppm Mg/32 ppm S, 32 ppm Mg/16 ppm S, and 16 ppm Mg/
8 ppm S, respectively. Magnesium sulfate heptahydrate
(Thermo Fisher Scientific, Waltham, MA) was used as a
control. To assess if the treatments slow down seed germina-
tion, the number of seedlings emerging from the soil was
recorded daily for a period of 30 days. Each treatment was eval-
uated in duplicates.

Statistical analysis

The data collected from the phytotoxicity and rainfastness
experiments was analyzed using a two-way ANOVA. A Tukey
post hoc test was conducted utilizing GraphPad Prism 10.2.2
(GraphPad Software Inc., Boston, MA), setting multiple means
comparisons across independent variables, using a p-value of
0.05.

Results and discussion
Material characterization

The Mg(OH), coprecipitation methodology afforded a milky
suspension capable of light diffraction upon dilution. The
solution obtained from NaPs synthesis exhibited a deep
orange solution, studied using Raman and UV-Visible spectro-
scopies (Fig. S1). Raman peaks at 486, 448, 249, and 199 cm ™,
are attributed to the presence of S;>7, S;°>7, and S5 polysulfide
species.®"®> UV-Vis absorbance at 394, 367, and 303 nm also
confirmed the presence of polysulfide ions, namely S;>7, S,>7,
and S5> in the solution.®® The magnesium-sulfur nanoformu-
lation (MgSuN) was designed to harness the superior surface
to volume ratio of nano Mg(OH), contained in MgSol, to
adsorb and deliver polysulfide ions while retaining its anti-
microbial activity. The nanoformulation was prepared with
different ratios to elucidate the mechanistic behavior between
the interactions of MgSol and NaPs to identify conditions for
synergistic antimicrobial efficacy. When maintaining the S
content at 800 ppm and varying the Mg content from 0 to
800 ppm, different stability levels were observed for the sus-
pensions after 24 hours of mixing (Fig. S2). The effect of NaPs
on the hydrodynamic size of MgSol was assessed with DLS
(Fig. 1A). The particles in MgSol exhibited an average hydro-
dynamic diameter of 190 nm, while a much broader distri-
bution centered at 342 nm was observed for the MgSuN par-
ticles. The zeta potential of formulations was also analysed
(Table S1), but only from —25 mV to —23.8 mV upon addition
of NaPs. This slight reduction might suggest the presence of
polysulfide ions around the particle, which possess less charge
density compared to citrate ions.

After purification, the composition of the nanoparticles was
assessed by FTIR spectroscopy (Fig. 1B). The spectrum of the
MgSol particles exhibited an asymmetric peak at 1566 cm™*
attributed to carboxylate, and a peak at 1390 ecm™" attributed
to the citrate capping agent.>® The NaPs spectrum displayed
peaks at 1114 cm™' and 998 cm™" corresponding to $-0.°%°°
The MgSuN spectra exhibited peaks at 1577 cm ™' and
1397 cm™, corresponding to carbonyl and carboxylate, and

22178 | Nanoscale, 2025, 17, 22174-22189
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peaks at 1118 cm™ and 1004 cm™ attributed to S-O,
suggesting that NaPs and the products of its oxidation adhere
to the surface of the Mg(OH), nanoparticles from MgSol.
Moreover, the shift in the carbonyl peaks and the change in
their relative intensities indicate a change in the chemical
environment surrounding the Mg(OH), particles in presence
of NaPs. To corroborate the adsorption of NaPs onto the par-
ticles, aliquots of MgSuN were purified after stirring for
different periods of time and analyzed using EDS (Fig. 1C).
The resulting spectra indicate that the adsorption process
requires time for the ions to interact with the particles, as
MgSuN without stirring did not present the characteristic
signal for sulfur at 2.31 keV,’® but samples obtained after
2 hours of stirring exhibited a sulfur signal. The decrease in
intensity observed for samples with longer stirring time could
be attributed to the oxidation of the polysulfide ions into
highly soluble sulfur oxyanions and sulfides that desorb from
the particles during the purification process. Additionally,
UV-Vis of the purified samples (Fig. S3) demonstrated
increased absorption at 370 and 395 nm, compared to MgSol,
which would indicate the adsorption of S,*~ and S5~ onto the
particles.

SEM images of MgSuN and NaPs, acquired after 24 hours
of mixing (Fig. 1D & E), revealed aggregates of nanoparticles
(40-300 nm) with irregular morphologies for MgSuN (Fig. 1D)
and an amorphous precipitated in NaPs (Fig. 1E). This is in
agreement with visible changes the solution of MgSuN under-
goes after 24 hours of stirring (Fig. S2).

The crystallinity of the materials was analyzed by XRD
(Fig. 1G & H). The diffractogram from the purified degradation
product of NaPs (Fig. 1H) exhibited features similar to those
observed for sulfur crystals (a-sulfur crystal pattern),®’
suggesting that NaPs decomposes into sulfur crystals, as
described in reaction (1) and (2). This is in agreement with
NaPs agglomeration and formation of large-sized precipitate
when stirred for 24 hours (Fig. S2), given that a-sulfur is in-
soluble in water. The XRD pattern of purified MgSuN was
found to be similar to that of MgSol (Brucite).***° However,
the MgSuN reflections at 37.8 and 59.0 degrees exhibited
higher intensity than that of MgSol (Fig. 1G). Based on litera-
ture, these reflections are assigned to the (101) and (110)
crystal lattices. It has been shown that ions can affect the rela-
tive intensity of (001), (101), and (110) through adsorption, dis-
solution or co-precipitation processes.®®*”’° Additionally, the
absence of diffraction peaks from a-sulfur in MgSuN’s diffrac-
togram, suggests that in the presence of MgSol, NaPs does not
degrade into a-sulfur.

Many sulfur compounds, such as sulfides, are byproducts
from industrial processes and must be separated from
effluxes. Double-layered hydroxides and magnesium-based
nanomaterials have been utilized to remove sulfur compounds
from waste gases through adsorption.”"”> These observations
align with the present results, suggesting NaPs adsorption to
the surface of MgSol during the mixing process. Considering
all these findings, the proposed mechanism of nano-mediated
stabilization of polysulfide ions with Mg(OH), nanoparticle is

This journal is © The Royal Society of Chemistry 2025
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(A) Hydrodynamic diameter of MgSuN (red curve) and MgSol (black curve). (B) FTIR of NaPs, MgSuN, and MgSol. (C) EDS spectra of purified

NaPs and of MgSuN samples after stirring for 0 h, 2 h, 4 h, 8 h, and 24 h. (D) SEM image of MgSuN (800 ppm of Mg and 400 ppm of S) after 24 hours
of stirring. (E) SEM image of NaPs after 24 hours of stirring. (G and H) Diffractograms obtained from the precipitate of (G) MgSol, MgSuN and (H)
NaPs, after stirring for 24 hours at 800 ppm S, 800 ppm Mg, or 600 ppm Mg and 200 ppm S, respectively. (F) Schematics of the proposed inter-

actions between MgSol and NaPs.

represented in Fig. 1F. This process is initiated by the polysul-
fide ions adsorption onto the surface of the nanoparticles,
leading over time to the agglomeration of the particles,
leading to an increase in hydrodynamic size. In an aqueous
environment, this behavior slows down the degradation of the
polysulfide ions and impacts Mg(OH), dissolution. The latter
is supported by the XRD analysis showcasing the differences
in the relative intensity of the (001), (101) and (110) reflections
between MgSuN and MgSol.

Theoretical analysis

Based on previous literature,”® the (001) facet of Mg(OH), is
expected to be predominant for MgSol nanoparticles in solu-
tion. The interaction between sodium polysulfides and the

This journal is © The Royal Society of Chemistry 2025

(001) surface facet of Mg(OH), was thus studied with DFT
(Fig. S11 and S12).

The speciation of S,>~ at a basic pH is shown to vary from x
=1 to 8, with the S,27, S5>7, and S¢>~ ones to be most domi-
nant in an aqueous environment at ambient conditions.*?
However, estimating the binding of a charged system in an
aqueous environment can give rise to spurious electrostatic
effects. Hence, in the present study, the geometries of these
polysulfides in isolation (Fig. S11(A-H)) and upon adsorption
onto the hydroxide surface have been investigated (Fig. 2B).
The structures of these polysulfides are shown to be ordered
when unadsorbed. As the chain length increases, the cluster-
ing is shared between the Na' ions. This is exhibited by equa-
torial arrangement of the S around the cationic moiety. The S-

Nanoscale, 2025,17, 22174-22189 | 22179
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S bond lengths range from 1.96-2.32 A across the species,
which falls close to former works published with regards to
both lithium and sodium polysulfides.”*”> Upon adsorption, it
is observed that as the chain length of the sulfur atoms is
increased, a crown shaped conformation is favored on the
surface of Mg(OH), (Fig. 2B & D). The sulfur atoms con-
veniently arrange themselves around the cations remaining
stable. Energetically, the adsorption free energies range from
-10.5 to —52.8 kcal mol™ at 0 K and —12.8 to —55.3 kcal
mol ™" when corrected for entropic contributions at 298.15 K.
This suggests that the binding of Na,S, on the c-axis surface
facet of Mg(OH), is rather stable and enthalpically driven irre-
spective of the size of the polysulfide. Moreover, Na,S; and
Na,Se bind most strongly to the surface of the hydroxide. A
recent study on their binding on Ti containing MXenes also
reports strong adsorption affinity in excess of about —46 kcal
mol ™" (2 eV) on an O-exposed surface.”* The formation of poly-
sulfide chains is posited by S-S bonds ranging from
2.02-2.14 A atop the stable hydrogen-rich surface. It is also
observed that the Na ions reside about 2.1-2.4 A above the top
layer of Mg(OH), to further augment the favourability of the
binding process. Our investigation points towards the poten-
tial ability of Mg(OH), in preventing the dissolution of Na,S,
in an aqueous environment, echoing the conclusions regard-
ing polysulfide stability in the Material characterization
section.

Overall, the theoretical evidence supports the hypothesis
that sodium polysulfides adsorb on the Mg(OH), surfaces at

22180 | Nanoscale, 2025,17, 22174-22189

ambient conditions. The presence of a stable polysulfide
MgSol complex is shown to be plausible and in agreement
with the material changes in hydrodynamic size, FTIR spectra,
and EDS spectra.

Radical scavenging assessment

Polysulfide ions are highly reactive and have been shown to
scavenge radicals from DPPH.”® However, their adsorption on
the surface of Mg(OH), nanoparticles might affect their activity
and degradation. A radical scavenging assay was conducted to
evaluate the stability of NaPs in MgSuN over 24 hours. Upon
the addition of DPPH to NaPs, an absorbance maximum shift
from 540 nm to 430 nm was observed (Fig. 3A) in the UV-Vis
spectra, corresponding to a color change from purple to yellow
in the cuvette, as shown in Fig. 3G. After 2 hours of mixing,
the absorbance at 430 nm from the sample containing no
MgSol was reduced significantly, while the absorbance of the
sample containing 60 and 180 ppm of Mg remained relatively
constant (Fig. 3B).

Following 8 hours, the sample containing no MgSol lost all
its scavenging potential, while the samples containing MgSol
demonstrated different degrees of absorbance (Fig. 3C),
suggesting reactivity. A representative image can be observed
in Fig. 3G. Similarly, after 16 hours, the absorbance of the
samples containing only NaPs and containing 20 ppm Mg,
reverted completely to an absorption centered at 540 nm.
However, the samples containing 60 and 180 ppm Mg of
MgSol were still absorbing at 430 nm (Fig. 3D). After 24 hours,

This journal is © The Royal Society of Chemistry 2025
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they exhibited similar light absorption at both 540 nm and
430 nm (Fig. 3E). As a result, it is inferred that MgSol has a
concentration dependent effect on the absorption at 430 nm
over time, with high MgSol concentration leading to higher
radical scavenging activity. The degradation of NaPs over time
can be described by plotting Isso nm/lizo nm (Fig. 3F). In
absence of Mg (red curve, Fig. 3F), the ratio dropped to over
50% of the initial value in less than 2 hours. Increasing the
concentration of MgSol delayed the degradation of polysulfides
over time, with the higher concentrations retaining half of
NaPs’ scavenging potential for a period 12 times longer than
polysulfide ions on their own. This is most likely due to the
adsorption of the polysulfide ions on the surface of the Mg
(OH), nanoparticles that possess a local basic environment,
preventing the disproportionation of polysulfides, hence
extending the lifetime of these species, after dilution.

This journal is © The Royal Society of Chemistry 2025

Antimicrobial properties assessment

The antimicrobial potency of MgSuN was evaluated using a
checkerboard assay (Fig. 4A). Overall, the results demonstrate
that MgSuN possesses enhanced antimicrobial potency com-
pared to its individual components. Concentrations below the
black curve in Fig. 4A and B represent antimicrobial combi-
nations that possess an additive effect. From the heatmap in
Fig. 4A corresponding to the MIC assay, it is notable that treat-
ment with 256 ppm Mg/0.5 ppm S and 64 ppm Mg/1 ppm S
inhibited the growth of Xac at lower concentrations compared
to the MIC of the individual antimicrobials. The FIC of these
mixtures was calculated to be 0.75 and 0.625, respectively,
corresponding to additive inhibitory properties. On the other
hand, the MBC map in Fig. 4B shows that treatments at
64 ppm Mg/4 ppm S and 64 ppm Mg/2 ppm S prevented bac-

Nanoscale, 2025,17, 22174-22189 | 22181
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terial colony formation. The FBC of the treatments was 0.375
and 0.25, respectively, corresponding to synergistic efficacy.

An increase in the OD600 (Fig. 4A) in the treatments con-
taining 128-0 ppm Mg when NaPs was applied at 64-32 ppm S
was noted, but no bacterial colonies were formed when bac-
teria from these wells were plated (Fig. 4B). This suggests that
the increase in OD600 resulted from the treatments and not
bacterial growth. This was corroborated by combining MgSol
and NaPs at different ratios and observing the visible changes
in opacity after 24 hours of mixing (Fig. S2). This is in agree-
ment with the behavior of NaPs in solution, and the prolonged
reactivity afforded by adsorbing NaPs on MgSol.

MgSol** and other nanoparticle bactericides””~”® have been
previously reported to have similar efficacy against different

22182 | Nanoscale, 2025, 17, 22174-22189

Xanthomonas species. Therefore, MgSuN was tested against Xp.
Synergistic antimicrobial activity was observed at 64 ppm Mg/
2 ppm S in this case (Fig. S5A). Similar antimicrobial potency
was documented in stable synthetic organic polysulfides
against other Xanthomonas pathogens.®*>®' This emphasizes
the benefits of stabilizing the sulfur motifs and their potency
against other pathogens in the Xanthomonas genus. On the
other hand, NaPs and MgSol partially inhibited Ps at 64 ppm S
and 512 ppm Mg, respectively, with MgSuN only showing addi-
tive behaviour by inhibiting the bacteria at 256 ppm Mg/1 ppm
S (Fig. S5B). Previously, Xu et al. stabilized polysulfides by con-
verting natural organosulfur compounds to Fe;_,S and Fe;S,
nanoparticles,”® while Dop et al. stabilized polysulfides by
synthesizing vulcanized polymer nanoparticles.’” Similar

This journal is © The Royal Society of Chemistry 2025
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materials could be adapted for future studies to tackle
different pathogens. Altogether, our results and these studies
show the limitations and potential of polysulfide-based bio-
cides for managing other plant diseases.

Another interesting aspect of these results is the eight-fold
difference between the MIC and MBC against Xac. It is sur-
mised that this difference is due to polysulfide degrading over
time.**™** Due to chemical reactions (1) and (2), the concen-
tration of polysulfide ions decreases over time, diminishing its
bactericidal activity. Some of the degradation products, such
as hydrogen sulfide, may possess biocidal action, but some
Xanthomonas  subspecies reduce hydrogen sulfide.®
Consequently, the prolonged chemical stability of polysulfide
adsorbed on MgSol particles allows for effective concentrations
persisting long enough to induce irreversible damage to cell
respiration and exert bactericidal activity. Considering this
hypothesis, the antimicrobial activity of MgSuN was assessed
at different times after dilution (Fig. S4). MgSuN at 16 ppm Mg
reduced the MIC by one dilution stage after 2 and 8 hours,
compared to NaPs (Fig. S4C & D). Similar results were also
identified when 64 or 128 ppm Mg were supplied, in which the
MIC at all tested times was reduced (Fig. S4A & B). The find-
ings support the hypothesis that MgSol fosters a nano-
mediated stabilization of polysulfide ions leading to an
improved antimicrobial activity.

To further understand the underlying
MgSuN’s antimicrobial efficacy, DNA leakage, and intracellular
ROS production in Xac (Fig. 4C-F) were assessed. Magnesium-
based nanomaterials are known to exhibit bactericidal activity,
which is generally attributed to physical damage to the cellular
membrane, leading to nucleic acid leakage and ROS
production.”»®*%” MgSuN at the synergistic concentration
(64 ppm Mg/2 ppm S) elevated the characteristic absorbance of
DNA (260 nm), compared to the individual components and
untreated control, evidencing substantial nucleic acid leakage
from cellular damage. In addition, the results from the intra-
cellular ROS assay demonstrated heightened fluorescence in
cells treated with the MgSol and MgSuN, suggesting elevated
ROS levels relative to NaPs and the untreated cells.
Nevertheless, on average, MgSuN enhanced intracellular ROS
by 298% over MgSol, indicating that the combinatorial treat-
ment exacerbates the bacterial metabolism significantly.
Additionally, specific fluorescent probes were utilized to ident-
ify the ROS species present inside the cells. None of the treat-
ments impacted the production of intracellular hydroxyl rad-
icals, as shown by the lack of HPF fluorescence after treatment,
compared to the untreated bacteria. In contrast, Fig. 4E
demonstrates that at synergistic concentrations of MgSuN, per-
oxide concentrations significantly increases unlike with other
treatments. Hence, build-up of intracellular peroxide upon
treatment with MgSuN at 64 ppm Mg/2 ppm S contributes to
its enhanced bactericidal activity.

While MgSol at 64 ppm Mg caused some intracellular ROS
(Fig. 4D), it did not inhibit bacterial growth. In contrast, poly-
sulfides are expected to impair electron transport and disrupt
sulfur homeostasis by interfering with hydrogen sulfide pro-

mechanisms

This journal is © The Royal Society of Chemistry 2025
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duction.”® Once polysulfide ions are uptaken by microbes, they
react with the mitochondrial respiratory complex, inhibiting
electron flux and exerting broad-spectrum antimicrobial
effects.”® Additionally, it is well-documented that polysulfide
solutions generate excess hydrogen sulfide, which can cause
protein persulfidation, impacting sulfur homeostasis.*®*°
Considering this, it is likely that MgSuN engages multiple
metabolic pathways simultaneously, resulting in additive
inhibitory effects at most concentrations and synergistic bac-
tericidal activity at specific ratios. Overall, these results corro-
borate that MgSuN induces significant oxidative stress through
intracellular peroxide, which leads to enhanced cellular mem-
brane disruption, and ultimately causes cellular death as
depicted in Fig. 4G.

Plant-MgSuN interactions

To assess the phytotoxicity of the nanoformulation to vegetable
crops, 6-week old commercial pepper and tomato plants were
sprayed with 25 mL of the formulation at different concen-
trations and then incubated for 3 days in a growth chamber
(Fig. 5A). The leaves of the treated pepper plant leaves are
shown in Fig. 5B-G. Most pepper leaves did not show any
necrotic lesions or yellowing despite there being several visible
spots of chemical residue. Similar observations were recorded
for the phytotoxicity assessment in tomato plants (Fig. 5I &
S6). The severity of the phytotoxicity was recorded for all leaves
on the treated bell peppers and tomato plants and their fre-
quency was compiled in Fig. 5H & I. The results demonstrate
that MgSuN does not cause any phytotoxicity on either pepper
or tomato. Less than 6.7% of bell pepper leaves were observed
to have moderate damage, compared to 14.9% of tomato
leaves that showed minimal toxicity. It is worth noting that in
formulations where MgSol and NaPs were combined in equal
concentrations, the average percentage of affected leaves was
the lowest, with 0% and 5.5% for bell peppers and tomato
leaves, respectively. These results were comparable to the DI
control on both crops and correlated with the findings from
the radical scavenging assay, in which MgSol mitigated the
reactivity of the polysulfide ions, hence reducing the phytotoxi-
city caused by NaPs. For pepper plants, high concentrations of
MgSol increased the average percentage of affected leaves to
23.2%, thus it is important to use the right ratio of MgSol
when formulating MgSuN.

It has been reported that vegetable crops, such as peppers
and tomatoes, can transmit Xanthomonas pathogens to the
next generation of crops through seeds.**®°' Since MgSuN
exhibited considerable antimicrobial potency in vitro, its phy-
totoxicity was evaluated on pepper seeds in view of preventing
seed-borne disease and decontaminating seeds. For this,
pepper seeds were primed with MgSuN, sown, and the timing
at which new seedlings emerged from the soil was monitored.
The results, presented in Fig. S7, show that on average all treat-
ments reduced seed germination at the 10 day mark, as com-
pared to the DI control and normally sown seeds, whereas no
significant difference could be noted at the 20 or 30 day mark.
Histograms (Fig. 5]) were constructed using the number of

Nanoscale, 2025,17, 22174-22189 | 22183
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Fig. 5 Schematic representing the agrochemical treatments drying
process on the leaf surface and the onset of phytotoxicity (A). Digital
photographs of bell pepper plants sprayed with MgSuN at (B) 600 ppm S
and 200 ppm Mg, (C) 600 ppm Mg and 200 ppm S, (D) 400 ppm Mg and
400 ppm S, (E) DI, (F) 800 ppm S and (G) 800 ppm Mg. All Mg content
originates from MgSol, while all S content originates from NaPs. The
images show the health of the foliage as well as the chemical residue on
the surface of the leaves. Phytotoxicity assessment of (H) bell pepper
and (l) tomato plants sprayed with different concentrations of MgSuN.
Error bars represent standard deviation. Different letters (a—d) were
assigned to statistically significant groups according to a Tukey's post
hoc analysis (p = 0.05). (J) Histograms of new seedling emergence from
bell pepper seeds primed with different concentrations of MgSuN.

new seedling emergence per day after sowing. The histograms
show that for the DI control and the normal sown seeds, new
seedling emergence occurs in a bimodal distribution, with
most seedlings emerging under 10 days (green bars in Fig. 5]).
However, when the seeds were primed the difference between
these distributions was largely diminished, causing most new
germinations to occur between the 10th and 20th day (yellow
and red bars). Therefore, even though no treatment caused the
final germination percentage to be less than 80% there was a
pronounced delay in the onset of germination. Given that
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MgSol, NaPs, MgSuN, and MgSO, affected the seeds similarly,
it suggests that this effect is caused by the ionic content rather
than specific phytotoxicity pathways. Furthermore, these find-
ings imply that MgSuN causes no significant toxicity to pepper
seeds at concentrations under 64 ppm Mg/32 ppm S, which
corresponds to formulations that exhibit bactericidal activity.

Given its excellent bactericidal activity and low disruption
of seed germination, MgSuN demonstrates potential as a seed
treatment in nurseries to control seed-borne pathogens.
However, more in depth studies need to be performed to
assess the efficiency of MgSuN for the generational trans-
mission of pathogens on different plant systems.

Moreover, the characteristics of chemical residues on the
leaves were studied. The ratio of MgSol to NaPs seemed to
impact the deposits as shown in the SEM images for each of the
treatments (Fig. 6B-G). Formulations containing MgSol alone or
mixed in higher concentrations than NaPs produced a thicker
residue exhibiting cracks and prone to flaking off. On the other
hand, formulations with equal or higher concentrations of NaPs
compared to MgSol produced residue with uniform leaf cover-
age, with similar observations made on tomato leaves (Fig. S8).

The elemental composition of the residues was mapped using
EDS (Fig. S9), showing an even distribution of Mg, S, and Na on
plants treated with MgSuN. Plants treated with only MgSol or
NaPs did not display high intensity for S or Mg, respectively, as
opposed to plants treated with MgSuN (Fig. S10). These results
demonstrate that MgSuN distributes Mg and S uniformly on the
leaf, even after drying, which is vital to ensure that both antimi-
crobials will be in contact with the pathogen at the same time.
The co-exposure of microbes to NaPs and MgSol increases the
likelihood of the additive/synergistic activity observed in the anti-
microbial studies. On the other hand, this interaction between
materials enhanced the biocompatibility and provided MgSuN at
400 ppm Mg/400 ppm S to be comparable to DI water in terms of
phytotoxicity. It is valuable to control polysulfide’s phytotoxicity
because it is known to reduce pollen tube viability.”> Lime sulfur,
containing calcium polysulfide, is used in apple orchards for
flower thinning and fruit quality enhancement, with studies indi-
cating that other chemicals can enhance its effectiveness.”>**
Exploring MgSol’s impact on polysulfide thinning properties is
necessary, as flower thinning, though less common in vegetable
crops, has been shown to improve fruit quality without reducing
yield.95’96

Next, rainfastness and total Mg content of the chemical resi-
dues were assessed through a water immersion method, as
shown in Fig. 6A. Even though MgSuN residues were more evenly
distributed, 60-79% of the Mg was released during the first water
wash for all treatments (Fig. 6H & I). Interestingly, MgSuN at
600 ppm Mg /200 ppm S retained on average 242.2 pg of Mg on
the surface of the leaf, which was found to be significantly more
than MgSol at 800 ppm Mg with only 119.6 pug accumulated on
average. Furthermore, MgSol’s deposition was found to be statisti-
cally similar to that of MgSuN at 400 ppm Mg/200 ppm S. This
demonstrates that NaPs does not improve the water-resistance of
the formulation but increases the total amount of MgSol that is
retained on the surface of the leaf (Fig. 6]).

This journal is © The Royal Society of Chemistry 2025
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of the leaves of bell pepper plants treated with (B) DI water, (C) MgSuN at 600 ppm S and 200 ppm Mg, (D) 600 ppm Mg and 200 ppm S, (E)
800 ppm S, (F) 400 ppm Mg and 400 ppm S, and (G) 800 ppm Mg. Scale bars are set to 200 pm. Rainfastness assessment of the residues on the
surface of the leaves of bell pepper plants. The assessment is presented as (H) magnesium concentration in the wash solutions, (I) percentage of
magnesium content that was present in each wash, and (J) the total mass of magnesium present in each wash. The error bars represent the standard
deviation. Different letters (a—d) were assigned to statistically significant groups according to a Tukey's post hoc analysis (p = 0.05).
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Usually for pesticides, more material deposition results in
better crop protection and less runoff.”” For this reason, adju-
vants and specialized nozzles are often recommended to
enhance pesticide retention and coverage.”®*® Still, higher
deposition efficiency was achieved by combining two active
ingredients without the need for surfactants or equipment.
From the SEM images, it is evident that mixing at least
400 ppm S is necessary to achieve a uniform deposition, akin
to that of a polymeric film. Polysulfides films have been shown
to generate small sulfur coatings with antimicrobial
properties,'** % suggesting that MgSuN will protect against
pathogens even in the dry state.

Inorganic biocides, like MgSuN, have the potential to not
only combat pathogens but also to provide nutritional benefits,
as magnesium (Mg) and sulfur (S) are essential macronutrients
for plants.'®® While this study did not focus on MgSuN’s nutri-
tional effects, Mg and S have been shown to improve crop
yields'®%® and enhance stress responses.’®®® Additionally,
polysulfides have been shown to form sulfur nanoparticles
through reaction (2),"°*'% which have antifungal,’*® antibacter-
ial,'/"' and disease resistance-inducing properties.'*>"***
Similarly, MgO nanoparticles have been reported to induce sys-
temic resistance in plants.'*> Future studies will investigate
MgSuN’s impact on plant hormones and pathogenesis-related
proteins to understand its agricultural potential further.

Conclusions

In summary, this work investigated the antimicrobial properties
of nanodelivered NaPs (MgSuN) as a sustainable approach to
combat Xanthomonas pathogens in vegetable crops. It was deter-
mined that MgSol adsorbed polysulfide ions upon addition of
NaPs, which led to an increase in hydrodynamic size (190 nm to
342 nm) due to particle agglomeration. Over time, this prevented
the formation of micron-sized o-sulfur stemming from polysulfide
degradation. Theoretical analysis of the system demonstrated that
physisorption between the polysulfide ions and the (001) Mg
(OH), surface is thermodynamically favored. Colorimetric radical
scavenging assays demonstrated that polysulfide ions in MgSuN
degraded slower and scavenged radicals for a period 12 times
longer than NaPs alone. This interaction is hypothesized to be
the main mechanism through which MgSol affects NaPs’ biologi-
cal interactions.

By leveraging the nano-mediated stabilization of polysulfide
ions with Mg(OH), nanoparticles, MgSuN significantly
enhanced the biocidal efficacy of sodium polysulfide. At
specific ratios, the formulation demonstrated synergistic
activity through an 8-fold improvement in bactericidal potency
against the model pathogen Xac and Xp. Mechanistic studies
revealed that MgSuN’s improved antimicrobial action stems
from a 297.6% increase of intracellular ROS, which afforded
enhanced disruption of cellular membranes. A peroxide-reac-
tive fluorescent molecular probe confirmed that MgSuN
treated bacteria experience a substantial increase in intracellu-
lar peroxide. This provides valuable insights into the materials’
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mode of action and shows the potential of bioactive delivery
systems, like MgSol, to boost the potency of agrochemicals.

Additionally, the combination in equal concentrations of
MgSol and NaPs, showed increased biocompatibility by reducing
the average incidence of leaf burn to a level comparable with the
untreated control. The chemical residues on treated leaves varied
with NaPs and MgSol concentration ratios. MgSuN (600 ppm Mg/
200 ppm S) resulted in the deposition of significantly more mag-
nesium on leaf surfaces than MgSol (800 ppm Mg). When used to
prime pepper seeds by exposing them for 24 hours, germination
rates after 20 days were not affected, suggesting a new way to
reduce generational transmission.

Often nanopesticides are framed as substitutes or better
alternatives to already existing active ingredients. Although
many nanomaterials have been estimated to be more effective
than their bulk counterparts, there is limited information
regarding their safety and environmental fate. On the other
hand, the first record of lime sulfur, a polysulfide biocide,
dates to 1833.%° After 190 years, lime sulfur has mostly been
replaced by synthetic small molecules, but its cytotoxicity and
ecotoxicity are well understood.>®*° By delivering this anti-
quated pesticide with nano Mg(OH), it is possible to reuse it
more effectively. Utilizing well-understood active ingredients
can be more favorable than designing new molecules and
establishing their effectiveness and toxicology. In general, this
work demonstrates the potential of nanodelivery systems to
enhance the effectiveness of conventional, well-established
active ingredients through synergistic integration. Although
the ecotoxicity and biosafety of MgSuN are yet to be evaluated,
its potential environmental impact could be predicted based
on a wealth of existing data on Mg(OH), and polysulfides.

Considering all the findings, the nanodelivery of NaPs via
MgSol resulted in multiple benefits such as improved anti-
microbial potency, phytotoxicity reduction, and prolonged
agrochemical retention on the surface of the leaf. The
enhancement of these performance parameters suggests that
MgSuN would be a better crop disease management tool for
vegetable crops than its individual components.
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