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ABSTRACT

Given the necessity of promoting and expanding the cultivation of oilseed plants, including Camelina, and the
importance of assessing the effects of nanoparticles on the environment and agriculture, an experiment was conducted to
evaluate the impact of different concentrations of synthesized palladium nanoparticles (0, 50, 100, and 200 mg/L) on
certain germination indices of the Soheil cultivar of Camelina. These indices included germination percentage, root
length, shoot length, and the root-to-shoot length ratio. In this study, hollow silica nanoparticles loaded with palladium
metal were synthesized on hollow mesoporous silica functionalized with an organic ligand (HMSNs~Pyra/Pd). The
characteristics of the palladium nanoparticles (PdNPs) were analyzed employing Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy-dispersive X-ray
spectroscopy (EDX). The study was designed as a completely randomized experiment with three replications under in
vitro conditions. The morphology results of the nanoparticles, analyzed using TEM, indicated an average size of 30-50
nm for HMSNs~Pyra/Pd nanoparticles and approximately 5-8 nm for palladium nanoparticles. The SEM images
showed nanoparticles with an average size of around 25-35 nm, which was consistent with the TEM findings. FT-IR
analysis also revealed that the signal corresponding to the asymmetric stretching vibration of the Si-O-Si bond appeared
at approximately 1095 cm™. The bonds at 807 cm™ and 1468 cm™ corresponded to the symmetric stretching vibration
of Si-O, confirming the presence of the SiO; layer. The elemental analysis of the synthesized nanoparticles using EDX
confirmed the presence of C, N, Si, O, and Pd in the structure of HMSNs~Pyra/Pd nanoparticles. This confirms the
successful functionalization of the hollow silica nanoparticles using this technique. The results also indicated that
different concentrations of palladium nanoparticles had a significantly negative effect on all the studied germination
traits of the Camelina plant. The highest germination percentage (95%) was observed in the control group, while the

lowest (67.11%) was recorded at the 200 mg/L palladium nanoparticle concentration.
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INTRODUCTION biological properties that can influence plant growth,
development, and stress responses (Sayedena et al.,
In recent decades, global interest in sustainable 2019)~ .The .produ.ction of nanoparticles .and their
agriculture and green technologies has driven research applications in various aspects of plant sciences are
into novel materials and methods to improve crop increasing. Despite the growing production of these
productivity and resilience (Prasad et al., 2016). Among particles, there are limited studies on the effects of
these, nanotechnology has emerged as a transformative different nanomaterials on plant biology. The term
tool in plant sciences, offering unique opportunities to nanotechnology, derived from the Greek suffix "nano,"
manipulate biological systems at the nanoscale. means small. More specifically, nano refers to one
Nanoparticles (NPs), particularly those smaller than 100 billionth of a meter. The term nanotechnology is
nanometers, possess distinctive physical, chemical, and generally used for materials that have sizes ranging from

one to one hundred nanometers. These materials, due to

58



Ghorbani et al.,

their small size, should exhibit distinct properties
compared to larger materials. These differences include
physical  forces, chemical reactivity, -electrical
conductivity, magnetic effects, and optical properties
(Findik. 2021). According to plant biology specialists,
only nanoparticles with a diameter of less than 20
nanometers are capable of passing through the cell wall,
as the average diameter of pores in plant cell walls ranges
from 5 to 20 nanometers. Therefore, nanoparticles within
this size range can enter the cell interior and intracellular
membranes. The study of nanoparticles and their effects
on plant growth is quite complex, as there are varying
reports on the effects of nanoparticles on different plants.
However, the main concern has been the toxicity of
nanoparticles on plants and ecosystems, which is an area
of ongoing research (Sayedena et al., 2019). Today, with
the expansion of nanotechnology and the production of
nanoparticles in various fields, along with their increasing
application in industry, pharmaceuticals, and energy
production, concerns have arisen regarding the potential
environmental and health risks posed by these
nanoparticles. These risks have attracted the attention of
many environmental experts. Studies on the fate of
nanoparticles in the environment are limited, and these
particles may eventually enter the food chain, potentially
affecting humans. Plants are the most important
component of the ecological system through which
nanoparticles can be transferred to other organisms
(Vijay et al., 2025). Plants may absorb these materials via
various pathways, such as contaminated soil and water
(Kelij and Kazemian Ruhi, 2018).

The oilseed plant Camelina (Camelina sativa L.)
is an oil-bearing crop belonging to the Brassicaceae
family, with multiple properties and applications. In
nutrition and health, its oil is rich in omega-3 fatty acids,
which help prevent cancer and obesity. In industry, it is
used for biofuel production, resin and wax
manufacturing, as well as in the production of cosmetic,
hygiene, and pharmaceutical products (Ghorbani et al.,
2020).

Germination is the first and most critical stage in
a plant’s life cycle, playing a key role in the survival and
preservation of plant species. In modern agriculture, fast,
robust, and successful seed germination is crucial for
ensuring optimal plant growth and high crop yields. As a
result, any factor that affects germination will inevitably
influence the plant's future development (Khan et al.,
2022). The impact of Ag NPs on the germination rates of
rice and pea seeds, alongside the influence of fourteen
distinct nanomaterials on plant physiological processes
and functional differentiation in 356 maize specimens,
was investigated across a range of nanoparticle sizes. Ag
NPs with diameters of 77.5, 111.7, 68.6, and 98.9 nm
achieved a maximum germination rate of 100% in peanut
seeds. Conversely, Ag NPs measuring 77.5 and 111.7 nm
were associated with reduced germination rates in maize
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and rice relative to the control group (Prasad et al., 2016).
Research has been conducted on the positive and negative
effects of nanoparticles on higher plants. For example,
the combination of SiO, and TiO, nanoparticles has been
reported to accelerate germination rates in crops like
soybeans (Gohar et al., 2024). According to the
statements of Skiba et al., (2024), The positive effects of
TiO, are concentration-dependent, with specific optimal
levels yielding the best results in terms of growth and
metabolic enhancement. Titanium dioxide nanoparticles
have been shown to influence various physiological
parameters in Rosmarinus officinalis, including cell
growth, cell division, cell size, callus induction, and the
levels of phytohormones such as gibberellins and
cytokinins, with treated plants exhibiting significant
increases in these factors (Golami et al., 2020). In a
separate investigation, the effects of zirconium dioxide
(Zr0y), silicon dioxide (Si0;), aluminum oxide (Al>O3),
and titanium dioxide (TiO;) nanoparticles on maize seed
germination were evaluated. The study reported a
reduction in germination percentage following treatment
with AlLO; and TiO, nanoparticles, whereas SiO,
nanoparticles consistently enhanced germination across
all growth conditions. Furthermore, seed uptake of these
metal nanoparticles was highest for SiO,, followed
sequentially by TiO,, Al,Os3;, and ZrO, (Karunakaran et
al., 2016). Meanwhile, AgNPs have been shown to
decrease the mitotic index in onion root tips, indicating
reduced cell division, except at very low concentrations
(5 mg/L), where an increase was observed (Abd-elhamed,
2017). Heydari et al., (2015) also conducted a study on
the effect of silicon nanoparticles on germination and
seedling growth of various native and improved wheat
cultivars under laboratory conditions. Their results
showed that silicon nanoparticles increased vigor and led
to more uniform seedling emergence in wheat plants.
Furthermore, a study investigating the impact of AgNPs
on the growth of the L-883 variety of Allium cepa L.
utilized AgNPs with a particle size of 100 nm at four
distinct concentrations (25, 50, 75, and 100 ppm). The
results indicated that the 25 ppm concentration of AgNPs
yielded the highest seed germination percentage
compared to the other tested concentrations. Conversely,
higher concentrations exhibited detrimental effects on
both seed germination and seedling development, with
toxicity levels demonstrating a strong positive correlation
with the concentration of the nanoparticle suspensions
(Patidar et al., 2024). Given the unique physiological
characteristics of Camelina and the growing application
of nanomaterials in modern agriculture, this study
hypothesizes that hollow silica nanoparticles loaded with
palladium (Pd-HSNPs) could influence the germination
process of Camelina seeds. The objective of this research
was to synthesize Pd-HSNPs and evaluate their effects on
seed germination indices—including germination rate,
percentage, and seedling vigor—under in vitro
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conditions. By examining the potential stimulatory or
inhibitory effects of Pd-HSNPs, this study aims to
provide foundational insights into the safe and effective
use of engineered nanoparticles in oilseed crop
development.

MATERIALS AND METHODS

Characterization of Synthesized Nanoparticles: This
research was conducted in the tissue culture laboratory of
the Faculty of Agriculture and Natural Resources at Razi
University in 2024. All chemicals used in this study,
including tetraethyl orthosilicate (TEOS, purity = 98%),
cetyltrimethylammonium bromide (CTAB, purity >98%),
3-chloropropyltrimethoxysilane (CPTES, purity >97%),
palladium acetate with purity >99.9%, and sodium
borohydride with purity >99%, were sourced from Fluka,
Merck, and Sigma-Aldrich and were utilized as received,
without additional purification, unless specified
otherwise. The morphology and elemental composition
of the synthesized nanoparticles were analyzed using
Transmission Electron Microscopy (TEM) with a FEI
Tecnai G2 F20 instrument. Additionally, Scanning
Electron Microscopy (SEM) images were acquired
employing a Quanta 450 SEM system (FEI, USA)
equipped with an Energy Dispersive X-ray Spectroscopy
(EDX) analyzer (EDAX) at an accelerating voltage of 20
kV. TEM analysis was performed operated at 100 kV
electron beam accelerating voltage, and for SEM
analysis, lyophilized nanoparticles were mounted on
aluminum stubs using double-sided carbon tape and
sputter-coated with gold to enhance conductivity. The
molecular structures and compositions of the materials
were examined utilizing Fourier-transform infrared
spectroscopy (FTIR) with a Bruker Tensor 27 instrument.
Analyses were conducted on powdered samples across
the spectral range of 400 to 4000 cm™, employing a
resolution of 4 cm™ and accumulating 32 scans per
sample.

Synthesis of Palladium Nanoparticles: Palladium
nanoparticles were synthesized on hollow mesoporous
silica functionalized with an organic ligand according to
the method described by Ghorbani et al., 2021.

Synthesis of  silica-coated
(Fe;04@CTAB/SiOz2z  NPs):

nanoparticles were synthesized utilizing a co-
precipitation technique as previously reported by
Ghorbani et al. (2025). Briefly, 2.7 g of FeClz-6H,0O and
1.0 g of FeCl,-4H,O were dissolved in 130 mL of
deionized water under a nitrogen atmosphere with
vigorous stirring. Subsequently, 25% ammonia solution
was added until the pH reached 11, and the reaction
mixture was maintained under stirring at 60 °C for an

magnetite NPs
Magnetite  (Fe3O4)
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additional hour. The resulting magnetite precipitate was
isolated magnetically, washed thoroughly, and air-dried.

Following this, Fe;04@CTAB/SiO,
nanoparticles were fabricated by coating the Fe;O4 cores
with a mesoporous silica shell via a sol-gel process, as
described by Ghorbani et al. (2024). Specifically, 0.1 g of
Fes;04 nanoparticles and 0.60 g of
cetyltrimethylammonium  bromide (CTAB) were
dispersed in a solvent mixture comprising 60 mL ethanol
and 100 mL water through ultrasonic treatment for 30
minutes. Subsequently, 6.0 mL of 25% ammonia solution
was introduced, followed by the gradual addition of 3.0
mL tetraethyl orthosilicate (TEOS) dissolved in 20 mL
ethanol under continuous stirring. The reaction mixture
was then allowed to proceed at 30 °C for 24 hours. The
final Fe3O04@CTAB/SiO, nanoparticles were recovered
via magnetic separation, washed with water and ethanol,
and dried under vacuum conditions.

Preparation of hollow mesoporous silica NPs
(HMSNs): Fe;04@CTAB/Si0, NPs were dispersed in
acidic ethanol (37% HCI) and subsequently heated to 80
°C. The resulting suspension was continuously stirred
overnight to ensure the thorough removal of the
templates.

Preparation of modified HMSNs (HMSNs~Cl): In
summary, 0.2 g of synthesized HMSNs were dispersed in
10 mL of anhydrous toluene and subjected to ultrasonic
treatment. Subsequently, 0.6 mL of CPTES was
introduced into the suspension. The reaction mixture was
then refluxed with continuous stirring at 110 °C for 24
hours. Upon completion, the mixture was allowed to
cool, followed by centrifugation and sequential washing
twice with ethanol and distilled water to remove any
residual unreacted CPTES. The purified HMSNs~Cl
were finally dried under vacuum at 60 °C for 24 hours.
Thereafter, the organic ligand containing a pyrazolone
functional group was synthesized following the procedure
previously described by Ghorbani et al. (2021).

Preparation of HMSNs~Pyra/Pd NPs: An aqueous
solution of Pd(OAc), (0.134 g in 30 mL water) was
prepared and subsequently combined with 0.3 g of
HMSNs~Pyra. The resulting mixture was stirred for 30
minutes, producing a brown suspension. Thereafter, a
NaBH; solution (0.11 g in 10 mL ethanol) was added.
The reaction mixture was maintained under stirring at 60
°C for 6 hours. Following completion, the product was
isolated by centrifugation, washed twice with ethanol,
and dried overnight at 70 °C, affording dark gray
HMSNs~Pyra/Pd.

Experimental Treatments: A factorial experiment was
conducted using a completely randomized design (CRD)
with three replications to examine the impact of
palladium  nanoparticles on  the  germination
characteristics of the Camelina sativa cultivar Soheil. For
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seed germination, 20 surface-sterilized seeds of Camelina
sativa cultivar Soheil were placed in each Petri dish on
sterile filter paper. Palladium nanoparticle solutions at
concentrations of 0, 50, 100, and 200 mg/L were used as
treatments. In the control treatment (0), distilled water
was used. The seeds were placed in each Petri dish
containing 12 mL of the different nanoparticle solutions
and incubated at 25°C for 10 days, with 20 seeds per
dish. The Petri dishes were subsequently placed in a
germinator programmed to maintain a photoperiod
consisting of 16 hours of light followed by 8 hours of
darkness in an alternating cycle. A ruler was also used to
measure the traits of Radicle Length and Shoot Length.
The traits measured in germination include the following:
1- Germination Percentage (%): The formula for
germination percentage is as follows (Larsen and
Andreasen, 2004):

Germination Percentage (%) = (Number of seeds
germinated /Total number of seeds tested) <100
2-Radicle Length (cm): The length of the part of the
seedling that grows downward (root).

3-Shoot Length (cm): The length of the part of the
seedling that grows upward (stem).

4-Root-to-Shoot Ratio (cm): The comparison of the
length of the root to the length of the shoot, indicating the
plant's development balance.

Statistical analysis: We applied one-way ANOVA using
aov function in stats package 4.3.1 in R, followed by
Duncan multiple range test (p < 0.05) for mean
comparison via Duncan. Test function in agricolae
package 1.3.7 in R. Heatmap visualization was conducted
using the ClustVis web-tool (Metsalu and Vilo, 2015). To
gain a deeper understanding of the different traits,
pairwise correlation analysis was calculated using R
software.

RESULTS AND DISCUSSION

Fourier Transform Infrared (FT-IR) Spectroscopy:
Fourier-transform infrared (FT-IR) spectroscopy was
performed to verify the presence of functional groups,
confirm the successful functionalization of the
nanoparticles, and ensure the removal of surfactant
(CTAB) and Fe3O4 components used during synthesis.
The FT-IR spectrum of the HMSNs~Pyra/Pd
nanoparticles is shown in Figure 1, revealing distinct
vibrational bands characteristic of the functional groups
present in the structure. A strong and broad absorption
band observed around 1095 cm™ corresponds to the
asymmetric stretching vibrations of Si—O-Si bonds,
confirming the formation of a siloxane (Si—O-Si)
network, which is typical of silica-based nanomaterials.
In addition, peaks at approximately 1807 cm™ and 1468
cm™! are assigned to the symmetric stretching modes of
Si—O, further confirming the successful synthesis of a
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silica (SiO;) shell. The presence of organic moieties was
confirmed by several key vibrational peaks. The signals
observed at 1656 cm™ and 1552 cm™ correspond to C=C
stretching vibrations of aromatic rings, while a broad
band at 3389 cm™ is attributed to the O-H stretching
vibration, indicating the presence of hydroxyl groups.
These signals confirm the successful grafting of the
organic ligand 4,4’-((4-hydroxyphenyl) methylene) bis
(3-methyl-1H-pyrazol-5-ol) onto the surface of the
hollow silica nanoparticles. In addition, weak signals
related to C—H stretching vibrations and C—Cl stretching
from CPTES (3-chloropropyltrimethoxysilane) appear in
the fingerprint region, indicating that CPTES was used
effectively for surface modification prior to ligand
attachment. Importantly, no residual peaks were detected
in the region corresponding to CTAB
(cetyltrimethylammonium bromide) or Fe—O bonds,
typically appearing around 580—650 cm™, suggesting that
both the surfactant template and Fe3;Os magnetic cores
were successfully removed during purification, consistent
with earlier findings (Soleimani et al., 2012). These

spectral results confirm the successful synthesis,
functionalization, and purification of the
HMSNs~Pyra/Pd nanomaterials, with well-defined
inorganic (SiO;) and organic (pyrazole ligand)
components.

Morphology of Nanoparticles: The morphology of the
nanoparticles was observed using Transmission Electron
Microscopy (TEM). In Fig 2-A, the TEM image shows
an average size range of 30-50 nm for the
HMSNs~Pyra/Pd  nanoparticles, with  palladium
nanoparticles having an approximate size of 5-8 nm. This
confirms the successful synthesis of palladium
nanoparticles on the surface of hollow silica
nanoparticles. Fig 2-B displays the Scanning Electron
Microscopy (SEM) image of the nanoparticles, showing a
spherical morphology with an average size of
approximately 25-35 nm, which is consistent with the
size observed in the TEM image.

Energy Dispersive X-ray Spectroscopy (EDX)
Analysis: The elemental composition of the synthesized
nanoparticles was analyzed using Energy Dispersive X-
ray Spectroscopy (EDX). As shown in Figure 3, the EDX
spectrum confirmed the presence of carbon (C), nitrogen
(N), silicon (Si), oxygen (O), and palladium (Pd) in the
structure of the HMSNs~Pyra/Pd (Hollow Mesoporous
Silica Nanoparticles functionalized with Pyridine and
loaded with Palladium). The detection of Si and O is
consistent with the silica framework that forms the
backbone of the HMSNSs, while the presence of C and N
can be attributed to the successful attachment of organic
functional groups—Ilikely the pyridine (Pyra) moiety—
used to functionalize the silica surface. The Pd signal in
the spectrum confirms the incorporation or loading of
palladium nanoparticles within or onto the silica matrix.
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The appearance of these elemental peaks in the EDX significant contaminants are present in the final product.
spectrum provides strong evidence of successful surface These results are in line with previous studies where
modification and metal loading, supporting the intended EDX has been effectively used to confirm surface
synthesis strategy. Moreover, the distribution and relative functionalization and metal doping in nanostructured

intensity of the peaks can be used qualitatively to materials (Wang et al., 2015; He et al., 2020).
estimate the elemental distribution and to verify that no
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Effect of palladium nanoparticles on germination the minimum value (0.23 cm) was observed at 200 mg/L
traits of Camelina: The results of the analysis of PdNPs. Similarly, for shoot length (Fig 4c), the highest
variance (Table 1) at the germination stage of the value (2.61 cm) was recorded in the control, while the
Camelina plant showed that there was a highly significant lowest value (0.3 cm) was associated with 200 mg/L
difference at the 1% statistical level among all studied PdNPs. Regarding seedling length (Fig 4d), the control
traits, including germination percentage, root length, group exhibited the longest seedling length (4.49 cm),
shoot length, Seedling length and the root-to-shoot ratio. whereas the shortest seedling length (0.4 cm) was
The mean comparison for the studied traits was observed at 200 mg/L PANPs. Moreover, the highest root-
conducted using Duncan's test at the 5% statistical level, to-shoot length ratio (0.77 cm) (Fig 4¢) was found at 200

as shown in Fig 4. As shown in Fig 4a, the highest mg/L PdNPs, while the lowest ratio (0.48 cm) was
germination percentage was observed in the control recorded at 50 mg/L PdNPs. Additionally, Fig 5
group (95%), while the lowest percentage (11.67%) was illustrates the effect of different concentrations of
recorded at the concentration of 200 mg/L palladium palladium nanoparticles on Camelina seed germination
nanoparticles. For root length (Fig 4b), the maximum (Sz6l1ési et al., 2020).

value (1.87 cm) was found in the control group, whereas

Table 1. Analysis of Variance of germination traits in Camelina

Mean of Square

S.0.V df Germination percentage Root length Shoot length  Root length/Shoot length ~ Seedling length

PANPs 3 12300.000™ 5.576™ 10.033* 0.162™ 31.565™
Error 8 166.667 0.009 0.013 0.025 0.097
Total 12

=, significance at the 1% level.

The results of the correlation analysis among the vigorous and elongated seedling growth. This finding
studied traits (Figure 6) revealed strong and highly suggests that the physiological and environmental factors
significant  positive  relationships  between  key that enhance germination—such as hormonal regulation,
germination and seedling growth parameters. Notably, water uptake efficiency, and energy mobilization—also
germination percentage exhibited a very strong positive contribute significantly to post-germination growth and
correlation with shoot length (r = 0.949™), root (radicle) early seedling vigor (Supriya et al., 2024; Bewley et al.,
length (r = 0.909"), and total seedling length (r = 2013). Furthermore, seedling length was almost perfectly
0.939"). These correlations indicate that higher correlated with shoot length (r = 0.999™") and root length
germination rates are closely associated with more (r = 0.996™), reflecting a tightly coordinated pattern of

above- and below-ground development. Such high
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correlation values imply that increases in seedling length
are proportionally distributed between shoot and root
systems. This integrated development is essential during
early seedling establishment, as both shoot elongation
(for light capture and photosynthesis) and root extension
(for anchorage and water/nutrient uptake) are critical to
plant survival and subsequent growth stages (Pasternak et
al., 2023). Additionally, the correlation between root
length and shoot length (r = 0.993™) was also highly
significant and positive, highlighting a synchronized
developmental trajectory of these two major plant axes.

J. Anim. Plant Sci., 36 (1) 2026

This strong relationship likely results from shared
physiological processes such as meristematic activity,
hormone signaling (e.g., auxins and cytokinins), and the
allocation of assimilates during early development
(Zhang et al., 2016). A robust root system facilitates
efficient water and mineral nutrient uptake, which in turn
supports shoot growth and leaf expansion. Conversely,
healthy shoot development enhances the plant's
photosynthetic capacity, providing energy and organic
compounds that stimulate root proliferation.
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The results of the heatmap analysis (Fig. 7)
revealed a clear separation of the studied treatments into
two distinct clusters based on their impact on seedling
growth traits. The first group, consisting solely of the
control treatment (0 mg/L palladium nanoparticles), was
associated with the highest recorded values for key
germination and growth parameters, including seedling
length, radicle length, shoot length, and germination
percentage. This outcome suggests that under
nanoparticle-free conditions, Camelina seeds were able to
germinate and grow under optimal physiological
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conditions, likely due to the absence of nanoparticle-
induced stress factors. Normal cellular metabolism,
hormonal balance, and unimpeded nutrient and water
absorption could have contributed to this enhanced
performance (Tripathi et al., 2017). In contrast, the
second group—which comprised treatments with
increasing concentrations of PdNPs (50, 100, and 200
mg/L)—displayed a distinct pattern characterized by
reduced seedling vigor. Specifically, these treatments
were associated with significantly lower values for all
growth indices, including radicle and shoot length, except
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for the radicle-to-shoot length ratio, which was elevated.
The increased radicle-to-shoot ratio may reflect a stress-
adaptive response, in which energy and resources are
diverted to radicle growth in an attempt to optimize water
uptake under nanoparticle-induced stress conditions
(Kumari et al., 2024). However, this morphological
adjustment comes at the cost of overall seedling
development and health. The observed inhibitory effects
of PANPs may be attributed to several underlying
mechanisms. One prominent hypothesis involves
oxidative stress triggered by an overproduction of
reactive oxygen species (ROS), which is a common
response to heavy metal and nanoparticle exposure.
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Conclusion: In summary, this study successfully
synthesized hollow silica nanoparticles loaded with
palladium metal (HMSNs~Pyra/Pd) and characterized
them using various techniques, including FTIR, TEM,
SEM, and EDX. The synthesized nanoparticles had an
average size of 30-50 nm, with palladium nanoparticles
approximately 5-8 nm in size. Experimental results
revealed that different concentrations of palladium

.

J. Anim. Plant Sci., 36 (1) 2026

Excess ROS can cause lipid peroxidation, protein
oxidation, DNA damage, and disruption of enzymatic
activities, all of which impair normal cellular functioning
(Guo et al, 2022). Additionally, nanoparticles can
physically obstruct water and nutrient uptake by forming
aggregates around root surfaces or penetrating plant
tissues, thereby altering membrane permeability and ionic
balance (Vijay ef al., 2025). This interference can result
in osmotic stress, membrane damage, and disturbed
hormonal signaling pathways, especially those involving
abscisic acid and auxins, which are essential for
germination and early growth.
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nanoparticles had a significant negative impact on the
germination traits of Camelina sativa, reducing
germination percentage, root length, shoot length, and
root-to-shoot ratio. The highest germination percentage
(95%) was observed in the control group, while the
lowest (67.11%) was recorded at the 200 mg/L
concentration of palladium nanoparticles. These findings
underscore the potential environmental risks associated
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with palladium nanoparticles. It is recommended to
conduct comprehensive toxicity assessments to evaluate
the potential effects of palladium on non-target
organisms, soil health, and the broader ecosystem. These
investigations should encompass both acute and chronic
exposure scenarios to ensure a thorough evaluation of the
environmental safety associated with palladium
nanoparticles. Additionally, research should focus on
elucidating the specific mechanisms underlying the
uptake of palladium nanoparticles by plant cells.
Employing techniques such as microscopy and molecular
labeling can facilitate the tracking of nanoparticle
movement within plant tissues and help identify the
pathways involved in hormone release and signaling
processes. Furthermore, it is essential to assess the long-
term impacts of nanoparticle application on plant
physiology, yield, and nutritional quality. This
assessment should include monitoring plant growth
parameters, analyzing nutrient absorption, and evaluating
the quality of harvested crops across multiple
generations.
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