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ABSTRACT: Agriculture is a core activity in human civilization, constantly
facing challenges with the main objective of increasing crop production; to
solve this, different strategies and technologies have been used. Currently,
metal-based nanoparticles (MNPs) have great potential to be used as
agricultural inputs to mitigate the negative effects on crops caused by different
stresses. However, studies about their impact on plants and agroecosystems
require a comprehensive understanding of their effects. Chili pepper (Capsicum
spp.) is a crop of global economic importance that could benefit from the use
of MNPs in order to increase its production. The effects of MNPs depend on
factors such as their composition, morphology, size, concentration, and
application method. Both in vitro and greenhouse studies have demonstrated
improvements in plant growth, response to abiotic stresses, and the induction
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of resistance to different pathogens. However, results vary considerably from
one study to another, probably due to heterogeneity in synthesis, characterization, and application methods. This review examines
recent findings about the effects of MNPs on chili pepper crops, focusing on growth, development, bioaccumulation, and response to

biotic and abiotic stresses.

1. INTRODUCTION

Nowadays, metal-based nanoparticles (MNPs) are being used
in various biological systems due to their physical, chemical,
and biological properties.' Although MNPs can lead to
developments that allow current technologies to evolve, they
can also have negative side effects on the environment and
living beings. However, there is still no concrete evidence
about the possible consequences that may occur shortly due to
the indiscriminate use of this type of particle. When current
technologies become obsolete and the components are
discarded, they will have a worrying impact on the environ-
ment.” Recently, concerns have been raised about the impact
of everyday nanotechnologies, such as those found in
pharmaceuticals, cosmetics, and fertilizers, which, at the end
of their useful life, could release nanoparticles (NPs) that
contaminate soils and aquifers.” Plants are being exposed to
MNPs, either in a targeted and planned way or indirectly, by
encountering NPs debris or the uncontrolled disposition of
products that nowadays carry a load of these nanomaterials.
The potential effects on plant crops depend on the type of
metal, composition, morphology, size, and concentration of the
MNPs. Besides the nanoparticles itself, the method used for
the delivery of the MNPs, the stage of plant development, and
the time of exposure to the nanoparticles are in direct relation
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to the effects observed in plants. Chili pepper (Capsicum spp.)
is one of the most important economic crops in several
countries where a culture related to the consumption of spicy
foods exists. According to the data of the Food and
Agricultural Organization of the United Nations, FAOSTAT
(2022), countries such as China, Mexico, Turkey, and
Indonesia produce around 18 million tons of chili peppers
annually. Among the species in the genus, Capsicum annuum L.
is the most important, including bell, poblano, cayenne,
pimiento (including those used to make paprika), jalapefio,
serrano, and a variety of other chili species.

There is relatively little information to date on the effects
(positive or negative) of nanoparticle supplementation on chili
pepper crops; there have been some studies on phytopatho-
genic control and some about the mitigation of abiotic stress.
Nevertheless, the lack of uniformity in the application of
nanoparticles, the multiple morphologies of MNPs, and the
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variety of concentrations used in those studies make this
review seek to systematically organize the latest findings on the
impact of MNPs on this crop.

2. APPLICATION EFFECT ON GROWTH AND
DEVELOPMENT

Several experiments have been conducted in which chili pepper
cultures are exposed to metal nanoparticles both in vivo and in
vitro. These studies concluded that the contact method
between nanoparticles and plants produces specific effects. In
other words, the way in which the nanoparticles are prepared
and applied to the crop (the treatment) directly influences
their impact on the plants. Therefore, it is not sufficient to only
discuss the types, concentrations, or shapes of the MNPs; it is
also essential to specify how the nanoparticles were
incorporated whether directly into the substrate,’ through
foliar exposure,”’ by fortifying the culture media,*’ or by
embedding them into the seeds.'” This detail is necessary to
relate the potential effects on the crops.

2.1. In Vitro Treatment. In vitro studies are characterized
by short-lapse evaluations, which may include adding the
MNPs to the seed or during germination and seedling growth.
They generally serve as background for subsequent field
evaluation. They have the advantage of being quick and less
expensive than in vivo studies. However, they do not reliably
reproduce the crop growth conditions or long-term effects on
plants. Numerous in vitro studies have suggested primarily
positive effects of MNPs on the Capsicum crop at early growth
stages.”''™'* For example, adding zinc oxide nanoparticles
(ZnONPs) to Capsicum seedlings increased root and seedling
biomass, stem length, and total leaf area.'* On the other hand,
it is not always easy to predict what concentration of MNPs
would be beneficial for the plant; for instance, similar effects on
biomass accumulation, increment of stem length, and leaf area
were reported either at “low” nanogarticle concentrations (if
ZnO,'* aluminum oxide (ALO,)," and magnesium oxide
(MgO)" nanoparticles were used) or at high nanoparticle
concentrations (if chitosan/ZnO nanocomposite,'” iron oxide
(Fe;0,), and chitosan-coated Fe;O,NPs'” were applied). For
specific details, see Table 1. Overall, the in vitro results suggest
potential for the application of nanoparticles to improve the
propagation and early growth of Capsicum spp. plants.

2.2. In Vivo Treatment. In vivo treatment is characterized
by experiments carried out in more advanced plant stages to
evaluate the use of nanoparticles as nanofertilizers, nano-
pesticides, nanosensors, or nanocarriers.'® Under in vivo
conditions, nanoparticles also exhibit remarkable effects on
the growth, pest resistance, and disease response of Capsicum
spp. plants. Silver nanoparticles (AgNPs) increase biomass
accumulation at 20 ppm, while copper nanoparticles enhance
growth and biomass at a concentration of 20 ppm;'' foliar
application of titanium oxide nanoparticles (TiO,NPs) at 150
pug/mL helped significantly decrease the concentration of
tobacco mosaic virus in chili pepper leaves.'”

2.3. Effect on Growth and Development. In chili crops,
the germination percentage and germination time are critical
parameters for the viability and yield of newly germinated
plants. Typically, phytochemicals that promote germination are
added to the seeds.'® However, some studies have demon-
strated that nanoparticles can produce similar effects on
germination as these phytochemicals. For example, Dileep
Kumar et al. studied ZnO, TiO,, and AgNPs at concentrations
between 750 and 1250 mg/kg to improve the seed quality of

aged chili seeds. Using the dry-dressing method, they only
observed favorable results with ZnONPs at 1000 mg/ kg.lo On
the other hand, foliar application of ZnONPs can generate
higher yields in C. annuum L. crops, increasing the number of
fruits per plant and the size and biomass of harvested chili
peppers.” Nevertheless, some studies have detected no
appreciable effects when MNPs are applied. Rawat et al
explored the impact of different copper oxide nanoparticles
(CuONPs) doses on the in vivo growth of bell pepper plants
grown in enriched agricultural soils. The results indicated that,
under their conditions, no significant effects on plant growth
and development were observed, suggesting that the
interaction between nanoparticles and the biological system
may depend on multiple factors specific to the experimental
environment.'” Otherwise, some researchers have reported
negative effects of MNPs in the chili crop, such as reduction in
plant size, root number, and biomass.” An interesting example
of how adverse effects are directly related to the concentration
of MNPs applied can be observed in habanero pepper (C.
chinense), as reported by Garcia-Lopez et al. When a foliar
application of 2000 mg/L ZnONPs was used, plant size and
chlorophyll content were diminished. However, when lower
concentrations of MNPs were applied, the fruits harvested at
the end of the growing cycle showed increased biomass
compared to the control group.’ It is currently known that
nanoparticles do not have a generalized effect on the chili
pepper crop. Table 1 compiles the effects of different
nanoparticles on the genus Capsicum, considering the
application format, concentration, and nanoparticle type. A
general trend toward increased germination rate, biomass
accumulation, and plant size is observed in most of the cases
studied.

3. UPTAKE, BIOACCUMULATION, AND TOXICITY

3.1. Uptake. NPs can enter the plant system through
various routes, such as the root hairs, stomata, porositzr in the
leaf cuticle, or even cracks on the surface of the leaves.”® Once
inside the plant, NPs can move through the plant system by
diffusion, bulk flow, and phloem loading. The transport of NPs
is influenced by the size and shape of the NPs, their surface
properties, the pH of the solution, and the presence of other
ions or compounds in the solution.*"**

When NPs are in contact or immersed within the soil,
transport is mainly mediated on the root surface. The root
epidermal cells are semipermeable, with pore sizes typically
between 3 and 8 nm. Cell walls act as a selective barrier,
allowing essential small molecules to enter while blocking
larger particles. This characteristic plays a significant role in the
plant’s ability to absorb nutrients and water while protecting
against potentially harmful large particles and pathogens.
Besides, root hairs can release chemicals, such as mucus or
organic acids, to help the adsorption of NPs. It is also possible
that the negative charges of the root surface mediate the
adsorption of positively charged NPs.”* Same-way formation of
lateral roots can create a new adsorption interface, thus
allowing NPs to enter the root column. Finally, some NPs can
enter and destroy the plasma membrane and induce the
formation of new pores in the epidermal cell wall to facilitate
the entry of NPs.”"**

The composition and function of the plant leaf surface are
similar to those of the plant root epidermis. When NPs are
exposed in this area, uptake is accomplished by the cuticle or
the stomata on the leaf surface.”””> The cuticle of the leaf

https://doi.org/10.1021/acsomega.4c11102
ACS Omega 2025, 10, 10756—10768
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Figure 1. Uptake, bioaccumulation, and translocation of nanoparticles (NPs) in plant systems, highlighting key pathways through (a) root uptake,
(b) leaf surface uptake, and (c) xylem and phloem transport in the stem. Created with BioRender.com.

epidermis is composed mainly of wax, cutin, and pectin, and
one of its functions is to form a protective barrier to prevent
external agents from entering the cuticle. However, leaves have
two types of channels on the surface of the waxy stratum
corneum: hydrophilic and lipophilic, with diameters varying
between 0.6 and 4.8 nm.”"***” This allows hydrophilic NPs
smaller than 4.8 nm in diameter to pass through hydrophilic
channels.”'

Although NPs can enter through the cuticle, the main route
of leaf uptake is through the stomata. Since the epidermis
restricts passage due to its small pores, particles larger than 20
nm are limited to passing through the cell wall. However, the
possibility of absorption increases in species with stomata on
both leaf surfaces. Young leaves with a thinner wax layer can
absorb nutrients and NPs more. NPs in aerosol form can
penetrate stomata, although at a rate lower than that of
suspensions. Small particles (10—50 nm) enter mainly through
the symplast, while larger particles (50—200 nm) use the
apoplast.'>*!" Studies have detected intact NPs in tissues such
as the mesophyll and vascular system and have shown their
transport to new roots and leaves.”"”® Uptake of NPs may
involve endocytosis, protein complexes, or redox reactions that
alter their morphology.ls

3.2. Bioaccumulation. Bioaccumulation refers to the
gradual buildup of substances, such as nanoparticles (NPs),
within an organism, often leading to concentrations that
exceed those found in the surrounding environment. In plants,
this process can raise significant concerns, as the accumulation
of NPs may impact plant health and, consequently, the safety
of the food supply for consumers. As NPs are absorbed by
plants, a second step is necessary: their translocation through
plant vascular systems, including the xylem and phloem, which
could potentially lead to aerial parts, such as stems, leaves,
flowers, and fruits. Xylem plays a pivotal role in NPs
translocation, and plants exhibit a variety of xylem structures
(see Figure 1).

Transport and accumulation of NPs are complex processes
influenced by various physicochemical modifications among
plant species such as cell wall pore size and hydraulic
conductivity. Depending on the concentration and behavior,
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some NPs could induce morphological and anatomical changes
in plants.**~** Some commonly studied metal oxide NPs, such
as CuO and TiO,NPs, are stable and remain inside the plant
without undergoing any structural change.39 Meanwhile, metal
oxide NPs such as ZnO, NiO,, CeO,, La,0;, and Yb,O; are
unstable and competent to complex with organic compounds
and reactive oxygen species (ROS).*" The ability of NPs to
enter plant systems and potentially induce oxidative stress by
generating ROS makes understanding bioaccumulation critical
for assessing environmental and health risks. When NPs
encounter terrestrial plants, they predominantly adhere and
aggregate near the roots or root surface;”*’ many biotic or
abiotic factors modify their properties, such as their
aggregation state and surface chemistry.""**

Despite the significant findings in the field, the influence of
plant species and environmental factors on NPs uptake,
translocation, and accumulation mechanisms remains a largely
unexplored area. Understanding these influences is crucial, as
the pathways through which plants absorb NPs are diverse, and
their selection depends on many factors. While upward NPs
translocation via the xylem and downward movement through
the phloem have been extensively studied, there is a pressing
need for more research on the mechanisms of NPs movement
across cell membranes and other barriers, including channels
and transporters. This significant gap in our current knowledge
presents a compelling opportunity for future investigation.*”**

For plants of the genus Capsicum, the transport pathways of
nanoparticles have not been described yet, but in recent
research, it has been found that by adding CuONPs to the
growing soil, it is possible to detect the presence of copper in
root, leaf, and fruit."” By adding TiO,NPs, titanium was
detected in the stem and leaf.’’ By impregnating seeds with
Fe;0,NPs, iron was found in the root;'> and by adding AgNPs
to irrigation water, silver was identified in the root and leaves.®

3.3. Toxicity. Bioaccumulation of NPs in plants raises
significant concerns about their adverse effects on plant health.
Numerous studies have elucidated the interactions between
NPs and plant species and their effects on plant tissues. These
reports encompass nanostructure accumulation, speciation,
and the overall impact on plants. In addition to documenting

https://doi.org/10.1021/acsomega.4c11102
ACS Omega 2025, 10, 10756—10768


https://pubs.acs.org/doi/10.1021/acsomega.4c11102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11102?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11102?fig=fig1&ref=pdf
https://www.biorender.com/
https://pubs.acs.org/doi/10.1021/acsomega.4c11102?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

the beneficial effects of NPs, some research also highlights their
phytotoxic potential.”> Phytotoxicity associated with NPs
manifests in a range of symptoms, including diminished
photosynthetic activity, generation of ROS, DNA damage,
obstruction of apoplastic pathways, and, consequently,
impaired nutrient uptake and hydraulic transfer.””~* Fur-
thermore, NPs—plant interactions can modify gene expression
and induce genotoxic effects.””**

The impact of NPs on plants is related to their size,
concentration, and application method.* So far, some reports
indicate that metal-based nanoparticles applied to chili pepper
plants have shown a toxic impact. For instance, in C. annuum
plants treated with SeNPs, a restrictive development of organs
in the apical meristem was observed, resulting in the arrest or
reduction of plant development. Additionally, the authors
reported changes in DNA methylation patterns, overexpression
of transcription factors related to defense against abiotic stress
sources, and alteration of different enzymes, like catalase and
peroxidase (involved in antioxidant defense) and nitrate
reductase (changing of nitrogen assimilation processes).””
Similar results were observed when ZnONPs and Al,O;NPs
were applied to chili peppers; both nanoparticles downregulate
the dehydrin gene transcription in stems and roots, potentially
weakening the plant’s resilience to abiotic stress. Besides, when
ZnONPs were administered at concentrations exceeding 0.5
mM, aquagorin genes in root tissues experience reduced
expression.” Meanwhile, FeNPs have been found to cause
structural and physiological disturbances, such as deformed
chloroplasts, damaged vascular bundles, and reduced chlor-
ophyll content.”” On the other hand, applying CuONPs to C.
annuum L. plants hinders nutrient assimilation. Interestingly, if
bulk or ionic copper form is used instead of CuONPs, the
uptake of essential elements is promoted.'” Altogether, these
findings underscore the need to further explore the
mechanisms underlying NPs toxicity in chili pepper plants.

4. EFFECT ON BIOTIC AND ABIOTIC STRESS

Plants constantly interact with different microorganisms,
including pathogens such as oomycetes, fungi, bacteria, viruses,
and nematodes.””>’

Nevertheless, only a few taxa of microorganisms are capable
of infecting and establishing themselves in plants. To fight
against pathogens, plants have developed both passive and
active defense mechanisms. Passive mechanisms include
physical barriers such as the cuticle and trichomes, as well as
the storage of compounds with antimicrobial activity called
anticipins.”* Active mechanisms include an immune system
that regularly operates in two stages. In a plant—pathogen
interaction, the plant, through pattern recognition receptors
(PRRs), can recognize both pathogen-produced molecules
known as pathogen-associated molecular patterns (PAMPs)
and plant-derived molecules due to damage known as damage-
associated molecular patterns (DAMPs), thereby activating
pattern-triggered immunity (PTI). Certain pathogens can
evade or suppress PTI by producing effector molecules.
However, some plants can trigger a second mechanism known
as effector-triggered immunity (ETI), where intracellular NLR
immune receptors are able to recognize the effectors produced
by pathogens.” ™’

These mechanisms activate immune responses, such as the
production of ROS, the de novo biosynthesis of antimicrobial
compounds called phytoalexin, the reinforcement and repair of
the cell wall, callose deposition, the production of the

hypersensitive response (HR), and transcriptional reprogram-
ming S5+

4.1. Defense against Biotic Stress. To obtain an optimal
crop yield, plants must maintain a stable and balanced
physiological state, where the immune system, a crucial
component, plays an important role. Different methods are
used to regulate, enhance, or help plant immunity, such as
using resistant germplasm through conventional plant
breeding, fertilization, fungicides, pesticides, elicitors, and
beneficial microorganisms. However, it is essential to continue
to search for new strategies to manage pathogens. Using
nanomaterials in agriculture is a viable alternative to regulate
plant defense mechanisms.’”*” Numerous studies have been
carried out on the effect of MNPs on plants in recent years,
although here, we focus on work related to the Capsicum
genus.

So far, different types of metal-based nanoparticles have
been studied; these were used as preventive or curative
treatments against various pathogens such as oomycetes
(Phytophthora capsici), fungi (Fusarium oxysporum, Colleto-
trichum capsici, C. truncatum, C. gloeosporioides, Alternaria
alternata, Sclerotium rolfsii, Oidiopsis sicula), bacteria (Xantho-
monas campestris, X. vesicatoria, X. euvesicatoria, Pectobacterium
carotovorum, Clavibacter michiganensis subsp. capsici), viruses
(Alfalfa Mosaic Virus, Tobacco Mosaic Virus, Pepper Huasteco
Yellow Vein Virus, Pepper Mild Mottle Virus), nematodes
(Meloidogyne incognita), and thrips (see Table 2).

It has been reported that nanomaterials can act directly on a
pathogen with an antimicrobial effect or indirectly as an elicitor
molecule that can activate different defense mechanisms or
even cause a priming impact on plants. In vitro studies analyze
nanoparticles” antimicrobial effect; although many studies have
reported this effect, only a few have performed analyses at the
cellular level. F. oxysporum treated with 100 ug/mL AgNPs
inhibited 100% of its mycelial growth.°" Chitosan silver
nanocomposites (CS-AgNPs) concentrations of 1, 0.5, and
0.25% inhibited spore germination and appressorium for-
mation completely in C. truncatum.”” X. euvesicatoria treated
with 50 pg/mL reduced graphene oxide with copper and silver
composite (rGO-Cu-Ag) inhibited growth entirely.’ In all
cases, changes in the morphology of bacterial cells or fungi
mycelium were observed. These changes were associated with
a direct effect of the nanoparticles on the pathogen cell
membranes.

Diverse works reported suggest that nanomaterials have
great potential to be used as agricultural inputs that contribute
to obtaining food worldwide (information summarized in
Figure 2). However, to achieve this, it is necessary to continue
studying the effects of these nanomaterials on the different
interactions between plants and microorganisms, whether
beneficial or pathogenic, mainly to try to elucidate the
molecular mechanisms involved in the nanomaterial—plant—
microorganism interactions (Figure 3).

4.2. Defense against Abiotic Stress. Plants need
favorable abiotic environmental factors for optimal develop-
ment; however, these environmental factors constantly change
over time, leading to unfavorable conditions that cause abiotic
stress. Abiotic stresses include drought, salinity, low and high
temperatures, the presence and accumulation of heavy metals,
and nutrient deficiencies, among others (Figure 3). These
stress factors can negatively affect different developmental
processes during the life cycle of plants, such as germination,
vegetative development, reproductive development, and crop
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Table 2. continued

e
[}
=

effect

treatment

assay

nanoparticle

organism

Effects on Bacteria

77

Reduction in DNA content was observed at concentrations of 25 ug/mL rGO-Cu-

Ag.
rGO-Cu-Ag at 500 pug/mL significantly reduced the bacterial spot severity on pepper

MIC and MBC of rGO-Cu-Ag were recorded at 5 and 50 pg/mL, respectively.

MIC for AgNPs was determined by broth microdilution technique. MBCs were
evaluated by subculturing on the agar plate.

vitro

in

rGO-Cu-Ag

Xanthomonas euve-
sicatoria

24 h before the bacterial infection, leaves were sprayed with sterilized filter

in vivo

plants without visible adverse effects.

paper, and circular discs were dipped into nanoparticle solutions.

78

Cu-ZnNPs exhibited the most significant inhibition zone, measuring 13.73 mm,

Sterilized filter paper circular discs were dipped into 0%, 0.25%, 0.50%, and

in

CuNPs, ZnNPs, Cu-ZnNPs

X. campestris pv.

followed by ZnNPs with 7.93 mm and CuNPs with 7 mm.
The lowest disease incidence was observed with Cu-Zn (17.9%), followed by Zn

0.75% nanoparticle solutions.

vitro

vesicatoria

(22.9%) and CuNPs (27.6%).
All NPs over 60 ppm concentration significantly inhibited sporulation by 70—85%.

Effects on Other Harmful Organisms

Three days after inoculation, the NPs solution was sprayed on the leaves.
Foliar application of nanoparticles at 20, 40, 60, 80, and 100 ppm to the

mn vivo
m vivo

CS, CS-Ag, and CS-CuNPs

trips

infected plants.

(20—100 ppm)
AgNPs (55—350 nm, rod

79

AgNPs at 750 mg/kg and above significantly inhibited the growth of seed-borne

Seed health testing for fungal infection was carried out using a blotter technique

seed-borne patho-

pathogens.

with AgNPs at 0, 750, 1000, and 1250 mg/kg.
The bioassay was conducted in 10-well cell culture plates, with 35 J2s/mL each  The maximum mortality of M. incognita (J2s) was recorded by the treatment 12 mg/L

vitro

shape)
ZnONPs (15—30 nm)

gens

64

in

Meloidogyne incog-

ZnONPs, which showed 11.82%, 37.63%, 40.86%, and 89.65% after 6, 12, 24, and

72 h.
After inoculation, all treatments were applied by drenching the soil with 100 mL  The application of 12 mg/L significantly reduced the number of nematode galls, egg

treatment.

vitro

nita

in vivo

masses per root, eggs/egg mass, and females by 98%, 99%, 99.9%, and 95.5%,

respectively.

of water/pot.

yield, through modifications in biochemical, morphological,
and physiological processes and gene expression. The type and
intensity of these modifications depend on the type of stress,
duration, degree of stress, and the kind of crop.**™*
Morphological modifications include changes in total biomass,
plant height, root length, number of leaves and branches, and
flowering time, while physiological changes include a reduction
in photosynthetic rate and modification of photosynthetic
pigment content such as carotenoids and chlorophyll a and b.
Within the biochemical changes, the generation and
accumulation of reactive oxygen species (ROS) plays an
important role, as it can serve as a signal for optimal plant
response or can cause direct damage to different cellular
components through the process known as oxidative burst.*>**

4.2.1. Defense against Extreme Temperature Stress. Each
plant species has an optimum temperature range for its
development; in the case of C. annuum, temperatures below 15
°C and above 32 °C are considered stress conditions. These
conditions affect plant growth, especially flower formation and
fruit development, negatively impacting crop yield.*”

There are few studies dealing with cold stress relief using
nanoparticles in C. annuum. Sayed et al. found that a
combination of arbuscular mycorrhizal fungus (Glomus
mosseae) inoculation and foliar application of a mixture of
ZnO and SeNPs significantly improved the growth character-
istics, productivity, and fruit quality of chili plants under cold
stress conditions. Moreover, the total ascorbic acid and
capsaicin content increased, as well as the activity of peroxidase
(POD) and nitrogen glutamate dehydrogenase (GDH), while
hydrogen peroxide (H,0,) and lipid peroxidation (MDA)
content decreased.*

Meanwhile, regarding research on hot stress relief using
nanoparticles, we only found a study on Solanum lycopersicum
(a closely related organism), in which exposing tomato plants
to 0.01 CuNPs at 42 °C for 1 h accelerated the change of
vegetative phase and the process of leaf senescence.”’

4.2.2. Defense against Saline Stress. Soil salinity is caused
by the accumulation of soluble salts in the soil water; this
parameter is measured by the electrical conductivity of a
saturated soil paste extract (ECe), which is expressed in
decisiemens per meter (dS/m) at 25 °C and gives an estimate
of the concentration of soluble salts such as the cations sodium
(Na*), potassium (K'), calcium (Ca®*"), and magnesium
(Mg**) and the anions chloride (Cl7), carbonate (CO5>"),
sulfate (SO,*”), and nitrate (NO;~), considered the main
soluble mineral salts in soil.*>*® Plant salinity stress depends
on factors such as soil-water balance properties, climatic
conditions, genotype, and developmental stage. Salinity values
of ECe 2—4 dS/m can cause stress in plants considered very
sensitive, while values of ECe 4—8 dS/m cause stress in most
crops.®® Salinity stress negatively affects seed germination,
plant development, photosynthesis, senescence, lipid metabo-
lism, and protein synthesis by causing osmotic stress, restricted
water uptake, and unbalanced nutrient absorption.*”*”

The effect of nanoparticles on salt stress is the most studied
phenomenon in chili. Seed priming with manganese(III) oxide
nanoparticles (MnNPs) improved root elongation and
alleviated salt stress during germination,” while the application
of manganese-doped graphene quantum dots (GQD-Mn)
offset the reduction of fruit number and total weight by 41 +
0.55% and 58 + 0.83%, respectively.”’ The application of
nanoparticles of different compositions, such as Se, Cu, and
ZnO, efliciently improved the pepper plants’ physiological

https://doi.org/10.1021/acsomega.4c11102
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responses under salinity through increased carotenoids,
chlorophyll a and b content, or chlorophyll index (SPAD)
values, fortifying the antioxidant defense system by the
stimulation of enzymatic activities such as catalase, guaiacol
peroxidase (GPX), ascorbate peroxidase (APX), superoxide
dismutase (SOD), glutathione reductase (GR), dehydroascor-
bic acid (DHA), and oxidized glutathione (GSSG) activ-
ities.”"”> Se and Cu nanoparticles increased the content of
bioactive compounds in fruits, such as phenols, flavonoids,
glutathione, f-carotene, and yellow carotenoids.”” Also, the
combined application of two nanofertilizers, one made from
limestone, which is rich in calcium (Ca) and magnesium (Mg),
and the other rich in micronutrients such as zinc (Zn), Mn, Fe,

Mg, Ca, nitrogen (N) source (amino-acids), and ascorbic acid,
had a positive effect on the number of fruits, fresh and dry
weights of fruit, yield per plant, and fruit dimensions.”

4.2.3. Defense against Drought Stress. Drought is a
multifactorial problem that affects different human activities
and needs. Drought is classified into four categories:
meteorological, hydrological, socioeconomic, and agricultural
drought. The latter is an abiotic stress factor that affects
agricultural production every year, and with the global increase
in temperature, this condition will continue to worsen in the
future.””” Drought stress affects biochemical and physio-
logical processes in plants, such as chlorophyll content, gas
exchange, respiration rate, and photosynthetic rate, which
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decreases growth. In the case of chili, even short periods of
drought stress can negatively affect yield quantity and
quality.”>”

Although we did not find information about the effect of
MNPs against chili drought stress, some information
corresponds to the Solanaceae family. In the case of eggplant,
a study showed that foliar application of green synthesized
AgNPs increased the growth of the plants, photosynthetic
pigments, and antioxidant activity and decreased the proline
content in plants under drought stress.”® Foliar application of
ZnONPs to water-stressed eggplants resulted in an increased
relative water content and membrane stability index associated
with improved stem and leaf anatomical structures and
enhanced photosynthetic efficiency. Under drought stress, S0
and 100 ppm ZnONPs supplementation improved growth
characteristics and increased fruit yield by 12.2% and 22.6%,
respectively.””

4.2.4. Defense against Heavy Metal Stress. Heavy metal
pollution negatively affects different living species within
ecosystems, including plants. For these organisms, heavy
metals are classified into essential metals such as copper
(Cu), zinc (Zn), manganese (Mn), iron (Fe), molybdenum
(Mo), and nickel (Ni) that serve as micronutrients and
nonessential metals such as aluminum (Al), cadmium (Cd),
chromium (Cr), lead (Pb), and mercury (Hg) that have
adverse effects on plant cells."”” Cadmium is highly toxic due
to its high solubility, plant uptake dynamics, and soil
persistence.'*"'** C. annuum has a moderate tolerance to
cadmium; however, its accumulation in the plant affects its
growth and physiological processes, such as photosyn-
thesis." %'

Recently, two independent papers described the effect of
ZnONPs on cadmium stress. Applying ZnONPs increased
both the fresh shoot and root weights and the root dry biomass
production. In the pot experiment, the foliar spray of ZnO
nanoparticles reduced the negative effect on chlorophyll a,
chlorophyll b, and total chlorophyllan. On the other hand, in
vitro experiments showed that in the shoots, the treatment with
ZnONPs  significantly enhanced all antioxidant enzymatic
activities of CAT, GPX, POD, APX, and GR. However, in
the roots, the supplementation of ZnONPs reduced the
activities of all antioxidant enzymes. The data generated in
both papers sugg?rest that ZnONPs ameliorate the effect of
cadmium in chili.' *"'% However, one of the main problems of
cadmium contamination is that humans consume this metal by
ingesting contaminated vegetables, such as chili. So far, it has
not been analyzed in chili whether nanoparticles reduce
cadmium accumulation in plants, which is an important aspect
that should be considered in future work. However, it has been
reported that the application of nanoparticles reduces
cadmium accumulation in other species, such as rice, maize,
and lettuce,'%°"%®

5. CONCLUSIONS AND PERSPECTIVES

This review highlights that most reports indicate positive
effects of various metal nanoparticles in both in vivo and in vitro
studies on chili plants. However, only a few studies have
focused on changes at the global metabolite level in mature
plants or on alterations in gene expression patterns. Addition-
ally, the effects observed when nanoparticles are applied to
chili peppers depend on factors such as the type, shape, and
concentration of the nanoparticles, the method of application,
and even the plant’s genotype.

There is a need for more research to explore the effects of
transgenerational exposure to nanoparticles and to conduct
medium- and long-term evaluations. A significant gap in our
understanding is the lack of information regarding where
nanoparticles accumulate in plants and how they are
transformed. It remains unclear whether the secondary
metabolites produced by the plant promote the formation of
macroscopic clusters or create a coating on the nanoparticles
that passivates their surfaces, potentially leading to their
accumulation or transformation within the plant.

Furthermore, the frequency and extent of accumulation,
transformation, and speciation of different nanoparticle
variables that depend on the type of study and the
concentrations used are still unknown.

In conclusion, while metal nanoparticles present promising
benefits for chili cultivation, it is crucial to standardize their
synthesis, characterization, and application methods. Compre-
hensive studies are essential to fully understand their impact on
plant health, environmental safety, and food security.
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APX ascorbate peroxidase

DAMPs damage-associated molecular patterns
DHA  dehydroascorbic acid

ETI effector-triggered immunity

GDH  glutamate dehydrogenase

GPX  guaiacol peroxidase

GR glutathione reductase
GSSG  oxidized glutathione
HR hypersensitive response

MDA  lipid peroxidation

MNPs  metal-based nanoparticles
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PAMPs pathogen-associated molecular patterns
POD  peroxidase

PRRs  pattern recognition receptors

PTI pattern-triggered immunity
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