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The global population is growing rapidly, which poses a significant challenge to food security. Innovation in
agricultural technologies is necessary to achieve sustainable development in agriculture and combat food
insecurity. Nanotechnology has emerged as a promising tool in agriculture; compared to conventional
agricultural chemicals, demonstrated benefits include increased efficiency of delivery and utilization of
both nutrients and pesticides, as well as nanoscale-specific stimulation of stress tolerance pathways.
Among the many studied nanomaterials, nano-sulfur has demonstrated superior effects at enhancing
plant resilience to pathogens and abiotic stresses, as well as improving plant growth and nutritional
quality of edible tissues. A number of published studies have investigated the physiological effects
(growth promotion, disease resistance) of single or several sulfur and sulfide compounds on crop
species. However, there is no systematic analysis of this literature, including the effects and specific
mechanisms of various sulfur forms in agricultural applications. In this review, we will discuss the effects

of sulfur (including nano-sulfur) on crop species, the underlying mechanisms of action for their transport
Received 15th November 2023 dt . ti in th il-olant t d luate thei itability i tainabl icultural
Accepted 27th February 2024 and transformation in the soil-plant system, and evaluate their suitability in sustainable agricultura
development. Additionally, we discuss the current challenges and knowledge gaps for nanoscale sulfur

DOI: 10.1039/d3sc06122a use in agriculture, and describe future research directions to advance our understanding of the
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1 Introduction

Food insecurity has become a pressing concern due to our
continuously increasing global population. Data released by the
Food and Agriculture Organization of the United Nations (FAO)
shows that the global per capita area of arable land declined
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sustainable use of this material at the scale of individual fields.

from about 0.45 hectares per capita in 1961 to 0.21 in 2016. This
demonstrates that from a global perspective, the agricultural
sector is grappling with the challenge of inadequate cultivated
land area for production of food, fibres and fuels. Thus, efforts
to increase per area production are a critical need to combat
food insecurity in the coming years.® However, further compli-
cating these efforts are the increasing challenges posed by
a changing climate, resulting in increased environmental stress
and the likely need to move agriculture onto more marginal
lands.” For example, drought stands out as one of the most
severe and impactful abiotic factors impeding plant produc-
tivity worldwide.® Additionally, biological stresses such as pests
and diseases pose significant threats to food security.** Both of
these factors will worsen as the climate continues to change.®
The widespread and inadequate use of agricultural chemicals is
another shortcoming of conventional agriculture, with exces-
sive chemical fertilizers and pesticides contaminating soil,
water bodies, and the atmosphere, posing a significant threat to
environmental and public health. Consequently, there is an
urgent need for sustainable and environmentally friendly
solutions to address these multifaceted issues.”

Sulfur is a valuable commodity and the primary precursor of
sulfuric acid, which is considered an essential chemical for the
global economy.® Besides, sulfur plays an important role in
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agriculture, it is an essential macronutrient for plants as it is an
important component of most plant proteins.” As nanotech-
nology continues to evolve, nanomaterials are demonstrating
greater efficiencies in delivery and utilization than traditional
agrochemicals, while reducing the environmental hazards
associated with chemicals.' Nanoparticles are particles with
sizes between 1-100 nm." In agriculture, nano-sulfur mainly
refers to elemental sulfur (S) and sulfide compounds (e.g., CuS,
ZnS) with a particle size of 1-100 nm, but also includes mate-
rials after modification via coating and loading. Elemental
sulfur can be synthesised to nanoscale by physical, chemical
and biological methods."> Among the physical methods, a top-
down approach is often used, in which elemental sulfur is
powdered and ground in a high-energy ball mill.** In addition to
this, methods and techniques such as reverse microemulsion,**
electrochemical methods," water-in-microemulsion systems,"®
ultrasonic methods," etc., have been used to synthesise nano-
particles of desired size and shape. Nano-sized sulfide such as
ZnS can be synthesized by liquid phase synthesis methods." It
could be also synthesized using biosynthesis. For example,
Hosseini et al. treated F. oxysporum cells or their secretions with
copper sulfate solution for the biosynthesis of copper sulfide
nanoparticles.*®

Nano-sulfur has generated interest due to its antibacterial*
and insecticidal properties.”® Cao et al. showed that sulfur
nanoparticles of 30 nm and 100 nm were effective in controlling
Fusarium wilt compared to the application of bulk sulfur gran-
ules and sulfate.** Research has shown that nano-sulfur acts as
a plant growth promoter, enhancing plant stress resistance, and
improving the nutritional quality of plants.?> Moreover, nano-
sulfur can also reduce the absorption of toxic metals,>**
minimizing contamination of the food chain, and enhancing
food safety and security.>*® While nano-sulfur holds great
promise for promoting sustainable and eco-friendly farming
practices, mechanistic investigations to support its widescale
application remain somewhat limited. The likely multifunc-
tional mechanisms by which nano-sulfur uniquely impacts
plants, the long-term fate of these materials in soil-plant
systems, and associated environmental costs and benefits
remain largely unknown. However, given highly promising data
that exists, as well as the magnitude of the problem we face with
regard to food security in a changing climate, research in this
area is critically needed.

2 Role of sulfur in agriculture

Sulfur is an essential macroelement for plants, playing a vital
role in plant growth, development, and response to environ-
mental factors. It is involved in various plant processes,
including the synthesis of amino acids, chloroplasts, cell
membrane structure, enzymes, and coenzymes. Moreover,
sulfur actively participates in redox processes and plays
a central role in the glutathione biosynthesis pathway,*” thereby
influencing plant growth, metabolism, heavy metals detoxifi-
cation, disease resistance, stress resistance, and nutritional
quality.”®*
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Sulfur has been used for centuries to control pests and
diseases in agriculture and remains the most widely used
pesticide in terms of volume.** According to the California
Department of Pesticide Regulation (CDPR), sulfur continues to
be the most used chemical in the top 100 chemicals by pounds
in total statewide pesticide use in 2021, with a total application
of approximately 18 million kg.** Sulfur has been used as an
insecticide since the Egyptians began crop cultivation, and the
idea of using sulfur to control powdery mildew of fruit trees
caused by a fungi was first proposed by Forsyth in 1802.** Since
then, sulfur's effectiveness in combatting agricultural threats
has solidified its position as a trusted and enduring pest
management solution for farmers worldwide. Sulfur has also
been used as a nutritional strategy to enhance plant resistance
to pathogens such as bacteria and fungi.*® Last, sulfur is also
used as an insecticide and is known to disrupt the metabolism,
digestive processes, and intercellular and intracellular trans-
port of essential substances of insects (e.g. aphids, thrips, and
red spiders).*®

Essential plant nutrients are categorized as macronutrients
and micronutrients based on the amounts required by the
plant.’” Notably, research on fertilizers has historically focused
on the three major nutrients essential for plant growth,
nitrogen (N), phosphorus (P), and potassium (K), primarily
because of the large amounts needed and the dominant role
they play in providing plant nutrition. Importantly, sulfur as
a macronutrient is a vital component of most proteins and plays
a crucial role in supporting overall plant growth.*® Presently,
sulfur fertilizers are primarily categorized as sulfur-based or
sulfate-based. In addition, a variety of sulfur-containing fertil-
izers are commonly used, including sulfur phosphorus
ammonia, gypsum ammonium nitrate, ammonium sulfate,
calcium sulfate, liquid sulfur dioxide, ammonium thiosulfate,
ammonium polysulfide, urea sulfuric acid, ammonium bisul-
fite, and urea sulfur, among others. The sulfate pathway is the
main route for sulfur accumulation in plants. Therefore, any
sulfur-based fertilizers require conversion into sulfate for
optimal absorption and utilization.* It is worth noting that the
soil microbiome plays an important role in the sulfur cycle,
participating in the processes of biological oxidation (oxidation
of sulfides to sulfanes and sulfates), assimilatory reduction
(reduction of sulfates to sulfur-containing organic matter), and
allochthonous reduction (reduction of sulfates to sulfides).*
Therefore, soil incorporation is the most common way of
applying traditional sulfur fertilisers, and readily soluble
materials containing SO,>”-S, such as ammonium sulfate,
potassium sulfate and sodium sulfate, are considered suitable
for neutral to slightly alkaline soils.** However, SO,* =S is
susceptible to leaching losses in coarse textured soils.*” In
addition, there have been several studies targeting application
methods such as seed dressings and seed coatings with sulfur.®

As research into the sulfur cycle continues, it is found that
the burning fossil fuels led to emissions of sulfur dioxide and
reactive sulfur into the atmosphere, with wide-ranging health
and environmental impacts, ultimately leading to calls for the
reduction of sulfur emissions.** However, studies have shown
that with the implementation of air quality regulations, there

© 2024 The Author(s). Published by the Royal Society of Chemistry
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has been a reduction in atmospheric deposition of sulfur, and
consequently, an increase in the use of sulfur in agriculture.*
Although there has been increasing application of various
sulfur fertilizers such ammonium sulfate, gypsum, potassium
sulfate, magnesium sulfate and sulfates of micronutrients, the
use efficiency of sulfur is very low, as is the case with nearly all
fertilizers, and this efficiency is influenced by a large number of
factors, such as soil properties, soil microbial population, crop
species, and environmental conditions.*® This inefficiency cau-
ses waste of an important finite natural resource and creates
environmental concerns due to excessive sulfur in soil, which
could acidify the soil, affect nutrient uptake, plant growth and
leaching into groundwater.*” Specifically, the global use effi-
ciency of sulfur in cereals was estimated to be only 18%,
according to a report in 2019.”® This highlights the need for the
development of new types of increased use efficiency of sulfur-
containing fertilizers that can be tailored to sustainably address
different soil and crop requirements.

3 Nano-sulfur: diverse uptake
pathways in plants
While nano-sulfur has been demonstrated to enhance plant

growth compared with bulk and salt forms sulfur (e.g., sulfate),
the underlying mechanisms of these nanoscale phenomena
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remain largely unknown. A distinct advantage of nanoscale
agrochemicals is the utilization of diverse uptake and distri-
bution pathways by plants. Plants acquire sulfur primarily from
soil with sulfate as the source, although they also absorb
gaseous SO, and H,S through leaf stomata. Hinckley et al
studied the fate, transformation and effects of elemental sulfur
in viticulture in California, USA, and found that elemental
sulfur oxidises rapidly to sulfate (SO,>7) at the soil surface,
which then accumulates during the growing season.*’ Sulfate is
taken up by plant roots through specific sulfur transporters
(SULTRs) present in the root cell membranes. This uptake
process is energy-dependent and regulated by various factors,
including sulfur availability in the soil and the soil microbiome.
Specifically, microbial species in the soil can break down sulfur-
containing organic matter into hydrogen sulfide, which can be
further converted to elemental sulfur or sulfate by sulfur and
sulfide bacteria.*® After being absorbed by the root system,
sulfate ions are transported to various parts of the plant to
support growth and physiological function as demostrated in
Fig. 1. Within plant cells, sulfate is reduced to sulfide (S*")
during the assimilation process and is incorporated into
various biomolecules, including for the synthesis of essential
sulfur-containing compounds such as cysteine, methionine,
and glutathione. Cysteine plays essential roles in enzyme
catalysis, transcriptional regulation, and protein folding.>
Methionine affects the synthesis of phytohormones such as

Active absorption
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Fig. 1 Absorption and transformation of different source of sulfur in plants (Created with https://www.biorender.com/. With permission.).
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cytokinins and auxins, which further affects plant growth and
development.®** Glutathione, as a significant antioxidant,
affecting plant stress tolerance by forming a redox system
through its oxidation and reduction states, thereby eliminating
reactive oxygen species (ROS) generated during oxidative
damage and effectively enhancing plant stress tolerance.**
Glutathione and its derivatives phytochelatins (PCs) also
detoxify heavy metals and metalloids via chelation and
sequester them into vacuoles and thus enhanced tolerance to
meta(loid)s.*"*

While sulfate ions need specific transporters for accumula-
tion, nano-sulfur accesses more diverse pathways for plant
uptake. Due to unique particle properties and small size, nano-
sulfur may enter the root cells through additional transport
pathways, including diffusion and endocytosis. Importantly,
these adsorption and translocation processes are energy-
independent. Once inside the plant, nano-sulfur can be trans-
ported via both the xylem and phloem. The xylem vessels carry
water and nutrients from the roots to other parts of the plant,
allowing nano-sulfur to move with the transpiration stream.>
The phloem vessels, responsible for transporting sugars and
other compounds systemically, can facilitate the movement of
nano-sulfur to different plant tissues. In addition, intracellular
transport of nano-sulfur to different organelles can occur. The
in planta nano-sulfur can be either directly assimilated to
organic sulfur catalyzed by enzymes such as thiocyanase or
thiotransferase/thiosulfate transferase (TST) in various cellular
compartments or can transform and release sulfate from its
surface upon reacting with cellular components to participate
in various assimilation processes. The possible pathways for
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uptake, transport and assimilation pathways of nano-sulfur in
plants are demonstrated in Fig. 2. Such diverse uptake and
assimilation pathways enable significantly more efficient use of
sulfur by the plant. In addition, the direct uptake and assimi-
lation of elemental nano-sulfur was described by Wang et al.>”
Importantly, the conventional sulfate ion transporter uptake
and assimilation pathway leads to the formation of potentially
cytotoxic SO;>~ and HS™/S>~,°** whereas the direct uptake of
nano-sulfur can reduce the generation of these toxic sulfur
species. Furthermore, nanoparticles are susceptible to trans-
formations in biofluids by the attachment of biomolecules, and
these transformations are often associated with the formation
of a biomolecular-corona surrounding the surface of the
nanomaterials.®® This biomolecular corona alters the particle
size and surface properties, which in turn affects their nature,
distribution, and fate in the plant. In medicine and biology,
targeted drug transport is achieved by coupling antibodies,
ligands, or other targeting functional groups to the surface of
the nanocarrier to avoid biomolecular-corona coverage.®* In
fact, in plants nano-sulfur activity is known to be similarly
influenced; for example, Wang et al. demonstrated that soil
application of 200 mg L™ of stearic acid coated (1-2 wt%) nano-
sulfur significantly reduced Fusarium infested tomato plants
compared to the uncoated nanomaterial.®

Another advantage of nano-sulfur is its ability to avoid
immobilization in the soil and to attach to the root surface
while reacting with soil microorganisms and inter-root secre-
tions. This allows for direct and sustained release of sulfur into
the root system, where it is converted to sulfate by microbes for
uptake by the plant.®” Studies on the effects of elemental sulfur
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and nano-sulfur bio-organic phosphate composites on maize
growth demonstrated that nano-sulfur distributed evenly in the
soil and around the roots, reducing soil pH and increasing
nutrient bioavailability, thereby promoting plant growth.*
Subramanian et al. reported that the total dry matter production
(DMP) of sunflower treated with 40 kg per ha nano-sulfur (86.1
and 88.7 g per plant) was significantly higher than that of
sunflower treated with 20 kg per ha nano-sulfur (76.3 and 78.1 g
per plant) and gypsum (S 40 kg ha™') (61.3 g per plant) in the
absence and presence of sulfur oxidizing bacterial (SOB) inoc-
ulum.” The significant increase in DMP was attributed to the
slow release of sulfur. In addition, the sulfate release time of the
soil applied with a low dose of 20 kg ha™" of nano-sulfur was
still 7 days longer than that of gypsum fertilized soil.”

In short, the diverse uptake and assimilation pathways of
nano-sulfur in plants can significantly enhance the use effi-
ciency, subsequently improving plant growth. However, the full
picture of the transport of nano-sulfur from soil to root and
adsorption, uptake, transport and assimilation remains
unclear, as does the potential tuning of synthesis and surface
chemistry that could be performed to optimize benefit. This
highlights the need for further studies to elucidate these
processes and the underlying mechanisms, which is the key to
understanding and fully taking advantage of the biological
effects of nano-sulfur.

4 Mechanisms of nano-sulfur
beneficial impact on plants

The positive effects of nano-sulfur on plants have been reported
for both as fertilizer and pesticide (Table 1). The mechanisms
underlying these impacts include enhancement of essential
biological processes in plants such as photosynthesis and
nutrient absorption, as well as increased resilience to stress by
modulating antioxidative pathways or phytohormones.®*
Such impacts are likely driven by altered activity at the genetic,
protein or metabolite level. In terms of application as a pesti-
cide, nano-sulfur can damage bacteria and fungi through
multiple antimicrobial mechanisms. For example, the ions
dissolved by NPs enter into the bacteria after direct contact with
them to destroy their structure and induce apoptosis. Alterna-
tively, NPs can induce the production of ROS, which can
damage the internal structure of bacteria, such as DNA damage,
DNA replication inhibition, protein denaturation and enzyme
destruction.®® Some of these mechanisms have been reported
while others require further investigation.

4.1. Enhanced photosynthesis

Nano-sulfur has been found to enhance photosynthesis by
increasing the activity of photosynthetic enzymes and
improving the efficiency of light absorption by chloroplasts.”™
Nano-sulfur can also increase the transfer rate of electrons in
the electron transport chain, promoting the formation of ATP
and NADPH. For instance, Smith et al. investigated the effect of
nano-sulfur on wheat growth and showed that photosynthetic
parameters, including SPAD (chlorophyll content index, 6.3-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10.7%), and Fv/Fm (maximum quantum efficiency of photo-
system II, 2.8-3.0%), were significantly increased in plants
foliar sprayed with three concentrations (50, 100, and 200 ppm)
of nano-sulfur compared to the bulk sulfur control group.® This
enhancement was attributed to the large specific surface area
and quantum size effect of nano-sulfur, allowing for effective
light absorption in visible and ultraviolet wavelength regions.”
Nano-sulfur can be effectively adsorbed by plant cells by diffu-
sion or endocytosis, and importantly, direct entry of nano-
particles in chloroplast is possible.” Once in cell, the expanded
spectrum of plant photosynthesis enables the collection of
more electrons that can drive photosynthesis, leading to
improved activation of photosynthetic pigments. Additionally,
nanoparticles can convert ultraviolet and near-infrared light
into visible light.”* For example, Yb, Nd, and Er-doped up-
conversion nanoparticles (UCNPs) can convert near-infrared
light excited at the wavelengths of 808 and 980 nm into
visible light at 510-570 nm and 640-700 nm.” Similarly, poly-
ethyleneimine (PEI)-capped down-converting nanophosphors
B-NaYF4:Gd*',Tb**@PEI can convert ultraviolet light (273 nm)
to visible light (480-630 nm).” Thus, introducing these nano-
particles into plants could potentially expand the light spectrum
available for photosynthesis. In addition, sulfur containing
nanomaterials able to capture and donate electrons could be
intentionally loaded into chloroplasts to increase flow through
the electron transport chain. Both approaches have the poten-
tial to improve the efficiency of photosynthesis, especially under
light-insufficient conditions.”” Consequently, this enhances the
light energy conversion efficiency and the overall generation of
photosynthetic energy.”

Nano-sulfur may also enhance photosynthesis by promoting
the activity of key enzymes involved in the Calvin cycle and
carbon assimilation. Specifically, enzymes involved in carbox-
ylation or oxygenation, such as Rubisco nuclease and Rubisco
activase, play a crucial role in catalyzing Calvin cycle reactions
and fixing CO, during the light independent reactions.” Other
intrinsic photocatalytic nanomaterials such as nano-anatase
TiO, can enhance the activity of Rubisco,.” Also, nano-sulfur
may enhance photosynthetic enzymes through different mech-
anisms. For example, Giordano et al® observed a strong
reduction of photosynthesis in green algae under sulfur-limited
growth conditions and correlated this with a substantial
decrease of Rubisco and chlorophyll a/b-binding proteins.
Sulfur is a critical component of Rubisco and at the onset of
sulfur limitation, Rubisco may be metabolized as an intracel-
lular source of bioavailable S. Thus, direct involvement of sup-
plemented sulfur in the synthesis of Rubisco will enhance
photosynthetic activity. In addition, nano-sulfur can release
sulfur ions in a controlled and sustained manner that ensures
a steady supply of the nutrient over an extended period, opti-
mizing its availability during critical stages of growth and
photosynthesis. Maderi et al. evaluated the release patterns of
nutrients from pure ammonium sulfate and surface-modified
sulfur nano-zeolites, and showed that pure ammonium
sulfate depleted all available sulfate within 384 h, whereas
sulfate-loaded surface-modified nano-zeolites continued to
release SO,>~ at concentrations ranging from 47.56 to 8.27 ug

Chem. Sci., 2024,15, 4709-4722 | 4713
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Table 1 Select publications on nano-sulfur application in agriculture
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Concentration Application methods

Crop type

Size (nm)

Results References

Sunflower 20,40 kg ha™* Soil application 35-45

Bread wheat 1 mgL ™" Soil application 20

Tomato 100-600 mg L~* Soil application

Cucumber 100-600 mg L™" Seed germination

Tomato 200 mg L* Soil application 38-65

Tomato 200 mg L* Soil application

Wheat 50, 100, 200 mg L™ Foliar applications —

Maize 12, 24 and 36 kg ha™*  Soil application 20

Tomato 30-100 mg L ™" Foliar applications

g ! after 912 h. The release of SO, from surface-modified
nano-zeolites was also shown to be a major factor in the
release of other nutrients from the surface-modified sulfur
nano-zeolites.®* These findings clearly demonstrate that nano-
sulfur can provide plants with nutrients for a significantly
longer period of time than traditional sulfur fertilizers. Addi-
tionally, nano-sulfur possess inherent antioxidant properties,*
facilitating the quenching or capture of reactive oxygen species
(ROS), which are not only the natural by-products of photo-
synthesis but also the physiological response to biotic and
abiotic stress; this antioxidant activity offers direct protection to

4714 | Chem. Sci, 2024, 15, 4709-4722

65; stearic acid coated

30, 100

The sulfur release of nano-sulfur is 12
extended by 7 days compared to normal
sulfur fertilizer (gypsum)

Nano-sulfur applications in bread wheat 64
have had positive effects on all the

examined traits. SA results in the highest

field germination rate (100%) and the

fastest emergence rate. In most of the

traits, the SA has the highest trait values;
especially grain yield and protein ratio
properties

Increasing the concentration of nano- 65
sulfur from 100 ppm to 300 ppm caused

an increase in root and shoot length,

while higher concentrations of 400 ppm

to 600 ppm caused an inhibitory effect

The increase in nano-sulfur 67
concentration (100-600 ppm)

significantly enhanced cucumber seed
germination 15-25%

Disease reduced the plant biomass byup 68
to 87%, but nano-sulfur significantly

reduced disease as determined by area-
under-the-disease-progress curve by 54%

By day 16, the benefit of bulk sulfur was 57
lost, but nano-sulfur increased shoot

biomass by 264% and root biomass by

200%

The nano-sulfur (NS) and nano-sulfur 69
coated with stearic acid (NS SA) and

sulfate showed a significant increase in
chlorophyll 6.3-10.7%), dry biomass
(7.9-14.6%), Fv/FM (2.8-3.0%) whereas

the bulk sulfur was less effective

The treatment of nano-sulfur 15 kg/fed 70
increased the available contents of N, P,

K, Fe, Mn and Zn in the soil by 17%, 29%,

20%, 24%, 27% and 29% respectively,
compared to the control group

Foliar application of 1 mg/plant of 30 nm 21
nano-sulfur for 10 weeks reduced disease
incidence by 47.6% and increased
aboveground biomass of tomato by

55.6%, while upregulating the expression

of pathogenesis-related and antioxidant
enzyme-related genes (11-352%) and
enhancing the activity and content of
disease-related biomolecules (5-49%)

sensitive cellular components, including chloroplasts and
photosynthetic pigments. Importantly, much of this activity
could likely be enhanced by tuning the chemistry and proper-
ties of nano-sulfur, enabling targeted spatial and temporal
activity that benefits the plant at a tissue, cellular, or organelle
level. Importantly, understanding the mechanisms underlying
this potential enhanced activity need to be further elucidated.

4.2. Enhance inorganic nutrient absorption

Nano-sulfur has been shown to indirectly enhance the absorp-
tion of inorganic nutrients from soil by plants through several

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mechanisms. First, it positively impacts root growth; for
example, tomato roots grown in soil with 300 ppm nano-sulfur
application were more robust, with root length and dry weight
being increased by 126.8% and 133.3%, respectively, compared
to the untreated control group.® This treatment significantly
increased the surface area and number of root hairs, expanding
the absorption capacity for other nutrients. Nano-sulfur's small
size facilitates greater penetration of the soil matrix and this
increased mobility ensures better distribution and availability
of nutrients, making them more accessible to plant roots.
Subramanian et al. determined the fractions of water-soluble
sulfur (WS), exchangeable sulfur (ES), occluded sulfur (Occ. S),
organic sulfur (Org. S), and total sulfur (TS) in nano-sulfur-
fertilized and conventionally sulfur-fertilized soils. The results
showed that WS (8.3 ppm), ES (4.4 ppm) and TS (249.4 ppm)
were greater in the nano-sulfur fertilized soil (sulfate-loaded
surface-modified nano zeolite) at 40 kg S ha™'; values in the
conventional treatment were WS (7.4 ppm), ES (3.9 ppm), and
TS (248.6).*> These data clearly demonstrate that nano-sulfur
facilitates greater availability (WS and ES), while conventional-
S contributes to increased occluded S. Last, nano-sulfur may
increase the cation exchange capacity of the soil, creating
additional binding sites for cations, and facilitate the retention
and uptake of essential inorganic nutrients by plant roots.*”
Secondly, sulfur enhances the metabolic activity of soil
microorganisms and stabilizes the microbial community
structure, leading to an increased decomposition rate of organic
matter and nutrient release in the soil, and nano-sulfur has
more capability than conventional sulfur in these areas. Specific
bacterial groups, including Thiobacillus®®* and B-proteobac-
teria,? are responsible for the oxidation of elemental sulfur in
soil. Sulfur cycling bacteria play a crucial role in the absorption
and transformation of sulfur by plants. Karimi et al.** demon-
strated a negative correlation between the amount of applied
sulfur and soil pH, indicating successful oxidation of elemental
sulfur. El-Hamdi et al.®*® found that the decrease in soil pH
following the application of elemental sulfur was attributed to
microorganisms in the soil, particularly sulfide bacteria, which
oxidize elemental sulfur into sulfuric acid. Similarly, Esmaeil
et al.”® proposed that nano-sulfur, being an economical, effec-
tive, and readily available soil amendment, can be oxidized by
various soil microorganisms to form sulfuric acid. This acid
reacts with calcium carbonate (CaCO;) in the soil, forming
calcium sulfate (CaSO,) that can ionize into Ca*>" and SO,>". The
presence of Ca®" enhances soil aggregation and permeability,
reduces soil pH, promotes the release of available nutrients,
and increases nutrient solubility and bioavailability for plant
uptake. Etesami et al. showed that sulfur oxidation by sulfur
bacillus lowers soil pH and promotes phosphate solubilization
in the soil, resulting in an increase in plant-available phos-
phorus.” Nadeem et al. also showed that elemental sulfur
application produces soil acidification which can improve Fe
and Mn availability and also facilitate the conversion of more
organic-P to inorganic-P.*® Similarly, studies on sugarcane in
Florida, USA by Orem et al. have shown that phosphorus release
can be modulated by the application of elemental sulfur.®>*°
The authors reported that due to the increase in plant available
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nutrients, plant growth was improved.”* In addition, soil pH
significantly influences the availability of micronutrients to
plants,®* thereby impacting the absorption of inorganic nutri-
ents from the soil. In addition, decreased pH will also increase
the availability of toxic heavy metals but that the greater preci-
sion and tunability offered by nano-sulfur can be used to
maximize the benefit (increased availability of nutrients) and
minimize the risk (increased toxic metal availability).

4.3. Regulation of gene expression

Nano-sulfur regulates the expression of a number of genes and
gene pathways in plants, leading to changes in growth and stress
tolerance. Nano-sulfur may promote activation of the plant
immune system and improve plant resistance to pathogenic and
pest species. Cao et al. used hierarchical clustering and PCA
analysis to study the expression of antioxidant and pathogenesis-
related genes in tomato shoots and roots after nano-sulfur
treatment. Proteins with antifungal activity are regulated by
PR1, PR-P2, STH2, alkaline B-1,3-glucanase (GluB), alkaline chi-
tinase (CHI9) and PR5-like genes, while genes related to phyto-
toxin accelerator and PR1 protein biosynthesis include WRKY33,
GAME1, GAME4 and NPR1.”* The authors report that while
conventional sulfate treatment did not significantly differ from
infected controls, nano-sulfur significantly upregulated the
expression of PR1, GluB, CHI9, WRKY33, NPR1, GAME1 and
GAME4 in tomato buds and roots. Nano-sulfur affects the
synthesis of antifungal proteins by regulating gene expression
and enhancing the antibacterial activity of plants.* Similarly,
Wang et al.®® reported that after 8 days of pristine nano-sulfur (nS)
and stearic acid coated nano-sulfur (cS) treatment, the expression
of WRKY6 in infected tomatoes was significantly up-regulated by
280-365% and 212-282% compared with the healthy control and
bulk sulfur treatment. WRKY6 encodes a plant resistance protein
that provides immunity by recognizing F. oxysporum f.sp. lyco-
persici effectors,® indicating that both nS and ¢S enhanced plant
immunity by regulating gene transcription. These findings
suggest that nano-sulfur can regulate the expression of genes
related to antifungal activity and pathogen-related proteins,
sulfur as well as metabolic pathways for sulfur, chlorophyll and
other key genes in plants,” all of which can significantly increase
plant growth, stress response and immune system activation.
Importantly, this observed regulation may also be caused by
epigenetic modifications,” such as alteration of DNA methyla-
tion and histone modifications, thereby affecting how genes are
turned on or off, subsequently modulating the expression of
genes involved in plant growth and development. For example,
it has been shown that cadmium telluride quantum dots and
silica NPs affect the global DNA methylation pattern, modulate
DNA methyltransferase activity, methyl-CpG-binding domain
(MBD) protein expression, and/or alter posttranslational
modifications of histone proteins;®” similar activity with nano-
sulfur may be possible. The altered genetic activity may be
also caused by transcription factor regulation, with nano-sulfur
directly binding to these proteins to affect their activity. During
transcription, regulation is primarily achieved by suppressing
the selective and obligatory affinity of RNA polymerases for the
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template DNA. Regulation can also occur through increasing
the number of DNA supercoils and thus, decreasing the amount
of exposed template DNA.?® Further studies are required to fully
explore these potential mechanisms.

4.4. Antimicrobial activity

Elemental sulfur (bulk sulfur) has a long history of use as an
antimicrobial agent. The main direct mechanism of action for the
antimicrobial effect of elemental sulfur is absorption into the cell
by the pathogen, with enzymatic reduction to H,S.*”® This subse-
quently affects the synthesis of many essential enzymes in the cell
and important intermediate metabolic processes occurring in the
mitochondria, effectively inhibiting pathogen activity.'*****
Similarly, nano-sulfur has been shown to exhibit antimi-
crobial activity against a range of plant pathogens, such as
fungi and bacteria, which can help to reduce the need for
synthetic pesticides. Importantly, several studies have shown
that nano-sulfur exhibits greater antimicrobial efficacy than
the bulk equivalent. Roy Choudhury et al. showed that serially
diluted (2-fold) concentrations of nano-sulfur exhibited anti-
bacterial activity against select Gram-positive and Gram-
negative bacteria, whereas analogous serially diluted concen-
trations of elemental sulfur failed to exhibit any inhibitory
effect on bacterial growth.'* Roy Choudhury et al. showed that
compared with elemental sulfur, nano-sulfur has a greater
bactericidal effect on the facultative fungal food pathogen
Aspergillus niger.**® Moreover, colloidal sulfur did not exhibit
anti-bacterial and anti-fungal activity compared to nano-sulfur
(10 nm).* This finding that the antimicrobial activity of nano-
sulfur is highly related to size is not surprising and has been
observed with other materials, such as Ag and Cu.'**'** Nano-
sulfur particles have a significantly greater surface area
compared to bulk sulfur, providing more contact points for
interactions with pest and pathogenic species. The enhanced
surface area allows for better coverage and adhesion to the
plant surface, improving the efficacy of pesticidal activity.
Choudhury et al. investigated the reasons for the difference in
antimicrobial effects between nano-sulfur and elemental
sulfur, and showed that elemental sulfur only retarded fungal
growth, whereas nano-sulfur inhibited the formation of
spores, the propagules of fungi.'*® Subsequently, it was shown
that nano-sulfur (50 and 100 ppm) changed the phospholipid
content in A. niger and F. oxysporum, thereby affecting the
synthesis of nucleotides, sugars and other morphogens
involved in many developmental processes. However, the
contact toxicity of sulfur to fungi is not always related to its
direct effect on the phospholipid content, which is a highly
species-specific.'® Rao et al. also found that nano-sulfur anti-
fungal activity was a function of the deposition of nano-
particles on the cell wall, subsequently compromising struc-
tural integrity.'®” In addition, the antimicrobial effect of nano-
sulfur is closely related to dose. Deshpande et al. evaluated the
antimicrobial activity of nano-sulfur and colloidal sulfur
against A. niger and A. flavus and demonstrated that nano-
sulfur at higher concentrations (1500-3000 pg ml™ ")
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inhibited the normal growth of fungal cells, while at lower
concentrations (30-150 pg ml~") fungicidal activity was lost.'*

At a molecular level, the inhibitory effect of nano-sulfur on
bacteria is mainly through strong interaction with target mole-
cules such as enzymes and proteins present on the cell surface,
disrupting the cell structure and possibly also binding to DNA to
cause cell death. Previous studies have shown that nano-sulfur
has antibacterial activity against a number of Gram-positive
and Gram-negative bacteria,'” although only limited activity
against Escherichia coli.*'* Conversely, Shankar et al.'** prepared
nano-sulfur using sodium thiosulfate and hydrochloric acid, and
reported that chitosan-terminated nano-sulfur had strong anti-
bacterial activity against E. coli and Staphylococcus aureus, effec-
tively inhibiting the proliferation and migration of cancer cells,
and had reduced cytotoxicity against healthy cells as compared to
sodium thiosulfate (STS). The authors cited a potential mecha-
nism involving nano-sulfur binding to the bacterial cell wall,
leading to cell membrane cracking and cell death. Importantly,
nanoscale sulfur effects will vary with cell wall type. Compared
with Gram-negative bacteria, nano-sulfur will more effectively
penetrate Gram-positive cells (Fig. 3). Separately, Paralikar
et al.""* explored the possible mechanism of antibacterial effects
of nano-sulfur. The authors reported that nano-sulfur enters
bacterial cells through the lysosomal membrane and causes cell
leakage. At the same time, nano-sulfur can bind to ribosomes
and inhibit the translation process, as well as bind to and inac-
tivate DNA, eventually leading to cell death.

For the indirect mechanism of antimicrobial activity, nano-
sulfur interacts with the plant antioxidant system and triggers
plant disease resistance pathways, providing another mecha-
nism of action to minimize the impact of plant diseases and
insect pests. Pathogens, upon infecting plants, induce oxidative
stress. Sulfur-containing antioxidants such as cysteine and
glutathione play a crucial role in maintaining reactive oxygen
species (ROS) balance during disease. Pathogen presence, as
well as the application of elicitors, can activate Systemic
Acquired Resistance (SAR) in plant tissues. In an experiment
involving tomato infected with F. oxysporum,* a reduction in
tomato disease incidence following treatment with nano-sulfur
was linked to a decrease in plant ROS accumulation and an
increase in the content of the plant hormone SA (salicylic acid).
Additionally, the balance between SA and ABA (abscisic acid)
was altered. The anti-Fusarium activity of nano-sulfur also
involves the activation of SA-dependent SAR, leading to the up-
regulation of disease-related and antioxidant-related genes.
This, in turn, enhances the activity of disease-related enzymes
and promotes the synthesis of phytotoxins and antioxidants.

4.5. Enhance plant stress tolerance

Nano-sulfur has demonstrated the potential to improve the
ability of plants to tolerate various environmental stresses, such
as drought, salinity, or heavy metal toxicity, by enhancing anti-
oxidant enzyme activity and reducing oxidative stress. For
example, in a pot experiment, sunflower seeds were immersed in
different concentrations (12.5, 25, 50, 100, and 200 uM) of nano-
sulfur, and 100 mM MnSO, was subsequently used to irrigate the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sunflower seeds for 14 days. The authors reported that the
application of nano-sulfur reduced Mn absorption and enhanced
S metabolism by increasing both cysteine levels and the water
content of the seedlings, minimizing drought damage by
increasing in planta osmotic agents such as amino acids and
proline. The authors also reported that nano-sulfur has the
potential to alleviate Mn stress."™® Nano-sulfur has also been
shown to promote plant nutrient accumulation and alleviate the
toxicity of copper stress in Brassica napus L.; specifically, increases
in superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
ascorbate peroxidase (APX), glutathione reductase (GR) and
glutathione S-transferase (GST) enzyme activities caused by Cu
stress were mitigated in shoots (10.9-37.1%) and roots (14.6-
35.3%) with nano-sulfur addition."** Meselhy et al.>* showed that
nano-sulfur can not only improve the productivity of rice, but also
offset toxic metal damage by reducing As accumulation in roots,
shoots, and grains. More specifically, nano-sulfur effectively
reduced the bioavailability and accumulation of As in rice and
promoted AsIIl detoxification by regulating the expression of
genes mediating As transport, S assimilation and glutathione
synthesis pathways. Similarly, it has been shown that nano-sulfur
application decreased Hg accumulation and increased growth of
oilseed rape seedlings (Brassica napus L.) via modulation. Of
antioxidant enzymes pathway and affecting the soil microbial
communities when grown on mercury-contaminated soil.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Nano-sulfur has also been shown to alleviate salinity stress
in plants. For example, Esmaeil et al.”® assessed the impact of
nano-sulfur on soil properties and maize productivity in saline
soil. The authors reported significant improvements compared
to the mineral sulfur control group; the nano-sulfur treated
plots exhibited increased hydraulic conductivity and total
porosity, along with a notable decrease in bulk density. These
positive changes in physical properties were likely attributed to
the oxidation of elemental sulfur, forming sulfuric acid that
reacted with soil lime to produce soluble calcium. Conse-
quently, the removal of Na* from the soil adsorption complex
led to enhanced soil aggregation and drainage, resulting in
reduced bulk density. Moreover, the application of nano-sulfur
increased the availability of essential macronutrients (nitrogen,
phosphorus, and potassium) and micronutrients (iron,
manganese, and zinc) in the soil. This enrichment was further
reflected in maize productivity, as both grain and straw yields
increased. Elevated macro and micronutrient content in maize
seeds were also observed. The mechanism underlying these
effects was attributed to reduced soil pH, facilitating the
conversion of insoluble phosphorus into a more accessible
form. This conversion releases plant nutrients from previously
unusable pools into the soil solution, alleviating stress effects
and promoting better plant nutrition as a function of nano-
sulfur amendment. Another key mechanism that was not
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explored in this study is the antioxidant mimic activity of nano-
sulfur, which mediates the capture of excessive ROS and
enhances plant tolerance to saline stress.

5 Conclusion and future outlook

Nano-sulfur holds great promise as an important nanomaterial
to alleviate the current food security challenges faced by agri-
culture and to simultaneously reduce the input of synthetic
pesticides. Its beneficial effects are attributed to its ability to
improve plant growth and development, enhance nutrient
absorption through soil improvement, stimulate significant
defence activity against plant pathogens, and regulate oxidative
stress. However, it is important to note that the current
understanding of the mechanism of nano-sulfur uptake by
plants is incomplete. Nano-sulfur has great potential for
application in sustainable agricultural development, but the
mechanism of nano-sulfur uptake and transport in plants, the
effect of nano-sulfur on soil-plant-microbial system still need to
be explored in depth, and the environmental and safety factors
in nano-sulfur application need to be considered more
comprehensively. Future research work in this area should
focus on the following knowledge gaps:

e The rapid development of nanotechnology provides an
opportunity to gain significant mechanistic insight into the
absorption and transport of nanoparticles (specifically nano-
sulfur) in plants. This involves delving into the intricate
mechanisms at play on multiple levels:

Current studies on the role of nano-sulfur at the gene, pro-
teome, and metabolome scales are insufficiently in-depth, and
in order to reveal the effects of nano-sulfur more comprehen-
sively, it is necessary to explore how it affects gene expression,
protein profiles, and metabolic pathways. By identifying specific
genes, proteins and metabolites affected by nano-sulfur, we can
reveal the molecular basis of nano-sulfur's effects on plant
growth and defense mechanisms.

Targeted delivery of the right amount of nano-sulfur at the
right growth stage to achieve the best results is an important
aspect of future research. Researchers should investigate how
plants react to nano-sulfur treatment over time, from initial
exposure to long-term effects. Understanding the temporal
response of plants to nano-sulfur can inform the optimal timing
and dosage of applications, ensuring that the benefits of nano-
sulfur are utilized at the right stage of plant growth. In addition,
the efficacy of nano-sulfur can be maximized by achieving
precisely targeted delivery of nano-sulfur to specific plant
tissues, cells and organelles, and scientists should explore
innovative delivery mechanisms, such as nanocarriers or smart
release systems, to ensure that nano-sulfur reaches its intended
destination in the plant.

Investigating the role of material properties, such as particle
charge, charge density, morphology, coatings, and dissolution
profiles, is essential for understanding how these factors
influence the action of nano-sulfur on plants. Researchers
should aim to establish a clear correlation between material
properties and the efficacy of nano-sulfur in enhancing plant
growth and defense mechanisms.
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e Environmental and safety considerations are of utmost
importance when utilizing nanomaterials. Future research
should focus on assessing the environmental and safety aspects
associated with nano-sulfur application:

The application of nano-sulfur in agriculture requires
a thorough evaluation of potential toxicity and safety risks,
both to environmental and public health. Researchers should
investigate how factors like dosage, treatment routes, and
particle characteristics affect toxicity, both in terms of its
impact on plants and its potential to accumulate in the envi-
ronment, is crucial. In addition, in practical applications,
nano-sulfur may be used in combination with other agricul-
tural inputs. Researchers should explore how nano-sulfur
interacts with pesticides, fertilizers, or other nanomaterials.
These interactions may influence both the effectiveness and
safety of agricultural practices. This knowledge will guide the
establishment of safe application guidelines. Establishing
robust regulations and guidelines for the use of nano-sulfur in
agriculture is a priority. Future research should contribute to
the development of these regulatory frameworks, ensuring that
nano-sulfur is integrated into farming practices responsibly
and in accordance with environmental and public health
standards.

e Taking a holistic view of the interaction between nano-sulfur
and plants, it is imperative to consider the soil-plant-
microorganism system. Researchers should investigate how the
application of nano-sulfur influences soil properties, including
nutrient availability and soil structure, contributing to the opti-
mization of soil health. At the same time, Researchers should
study how nano-sulfur alters the composition and function of
beneficial and pathogenic microorganisms associated with plants.
This knowledge can help ensure that nano-sulfur applications do
not disrupt the delicate balance of the plant microbiome. Inves-
tigating the formation and dynamics of the biomolecular corona
(molecules that adhere to nanoparticles) in various environmental
compartments, including soil, plants, and within plant tissues, is
important. Understanding how the biomolecular corona influ-
ences the fate and behavior of nano-sulfur will provide insights
into its environmental and biological interactions.

By addressing these knowledge gaps, future research can
advance our understanding of nano-sulfur's role in agriculture
and pave the way for more efficient, sustainable, and responsible
use of this nanomaterial in addressing food security challenges.
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