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Mechanisms of Influence of Size and Surface Charge on the
Bioaccumulation of Nanoparticles in Plants
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Abstract. Objective: This study aims to investigate the influence of nanoparticle size and surface
charge on their uptake, translocation, and bioaccumulation in plants and to identify the underlying
mechanisms governing these processes. Methods: A comprehensive analysis of recent experimental
studies on plant—nanoparticle interactions was conducted, focusing on the effects of nanoparticle
physicochemical properties on plant uptake pathways and accumulation patterns. Results: The
findings demonstrate that smaller nanoparticles exhibit higher mobility and greater penetration
through plant cell walls and membranes, resulting in enhanced translocation to aerial tissues. In
contrast, larger nanoparticles predominantly accumulate on root surfaces, limiting their internal
transport. Surface charge was also found to significantly affect bioaccumulation. Positively charged
nanoparticles showed stronger interactions with negatively charged plant cell wall components,
leading to increased adsorption and uptake, whereas negatively charged or neutral nanoparticles
exhibited lower uptake efficiency. Nanoparticles entered plant tissues through apoplastic and
symplastic pathways, with endocytosis and ion channel-mediated transport contributing to cellular
internalization. Accumulated nanoparticles were associated with oxidative stress, altered nutrient
transport, and changes in gene expression. Conclusion: Nanoparticle size and surface charge are key
determinants of bioaccumulation in plants. Understanding their role in uptake and translocation
mechanisms is essential for ecological risk assessment and the development of safer nanomaterials
for agricultural and environmental applications.
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Introduction

The rapid advancement of nanotechnology has led to the widespread production and application of
engineered nanoparticles (NPs) in various industries, including agriculture, medicine, electronics, and
environmental remediation. Nanoparticles, defined as materials with at least one dimension less than
100 nanometers, possess unique physicochemical properties, such as a high surface area-to-volume
ratio, tunable surface charge, and distinctive optical and catalytic characteristics. These properties,
while advantageous for industrial applications, also raise concerns about their potential environmental
impact, particularly when they interact with biological systems. Among living organisms, plants
represent a critical interface, as they are primary producers in ecosystems and serve as the initial point
of entry for nanoparticles into terrestrial food chains (Djanaguiraman et al., 2024).
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The interaction of nanoparticles with plants involves complex processes, including adsorption to root
surfaces, uptake into cells, translocation to aerial parts, and eventual accumulation in tissues. The
efficiency of these processes is strongly influenced by the intrinsic characteristics of nanoparticles.
Particle size is a primary determinant: smaller nanoparticles can penetrate cell walls and membranes
more readily, facilitating systemic distribution within plant tissues. In contrast, larger nanoparticles
often remain bound to root surfaces or accumulate in the apoplastic space, limiting their mobility.
Surface charge is another key factor; positively charged nanoparticles exhibit strong electrostatic
interactions with negatively charged cell wall components, promoting adhesion and internalization.
Negatively charged or neutral particles, on the other hand, tend to show reduced uptake efficiency
(Abou El-Nasr et al., 2025).

Mechanistically, nanoparticles can enter plants through apoplastic pathways, which involve
movement through cell walls and intercellular spaces, or through symplastic pathways, which require
passage across the plasma membrane into the cytoplasm. Endocytosis, ion channels, and transporter-
mediated mechanisms have all been proposed as routes for nanoparticle internalization. Once
internalized, nanoparticles may interact with cellular organelles, disrupt nutrient transport, and induce
oxidative stress, potentially affecting growth and development.

Furthermore, the environmental context, including soil pH, ionic strength, and the presence of organic
matter, can modulate nanoparticle behavior, bioavailability, and accumulation. Understanding these
interactions is crucial not only for evaluating the ecological risks of nanoparticles but also for
designing safer nanomaterials for agricultural and environmental applications. Research on
nanoparticle bioaccumulation in plants has intensified over the past decade, focusing on a wide range
of materials, including metal-based nanoparticles (e.g., silver, copper, zinc oxide), carbon-based
nanomaterials (e.g., carbon nanotubes, graphene), and polymeric nanoparticles.

Studies have demonstrated that plant species differ in their uptake capacity and translocation
efficiency, influenced by root architecture, cell wall composition, and metabolic activity. Moreover,
nanoparticle-induced physiological responses can vary, ranging from enhanced growth and nutrient
uptake to phytotoxic effects such as oxidative damage, chlorosis, and reduced biomass. These
findings highlight the importance of systematically investigating how nanoparticle properties,
especially size and surface charge, govern their interaction with plants and the resulting
bioaccumulation patterns (Tortella et al., 2023).

The present review aims to provide a comprehensive overview of the mechanisms underlying
nanoparticle uptake and accumulation in plants, with particular emphasis on the roles of particle size
and surface charge. By integrating insights from recent experimental studies, this work seeks to
elucidate the physicochemical and biological factors that influence nanoparticle bioaccumulation.
Additionally, it addresses potential ecological implications, including nanoparticle transfer through
food chains, and discusses strategies for mitigating risks associated with environmental nanoparticle
exposure. Understanding these processes is essential for advancing (Yang et al., 2025).

58



Zeynab Mikayilzada & Vafa Ramazanli

Metal NPs
Metal oxide NPs
Carbon-NPs

Polymeric -NPs

Nanoparticles properties
- Large surface area

- Reactivity

- Size

- Stability

- Chemical cumposi%

Pathway application

- Foliar level

Trichome \

Stomata Xylem-phloem
Hydatode system
Wound

- Root level

Soil interaction

Plant
- Root morphology
- Specie %

- Root exudates

Figure 1
Schematic representation of nanoparticle uptake, translocation, and bioaccumulation
pathways in plants

The figure illustrates how nanoparticles interact with plants, emphasizing the influence of
nanoparticle properties, plant characteristics, and environmental pathways on uptake and
bioaccumulation. Nanoparticles vary in size, surface area, chemical composition, reactivity, and
stability, which collectively determine how they are absorbed and transported within plant tissues.
Entry routes include foliar surfaces through stomata, trichomes, or hydathodes, as well as root uptake
from soil, where interactions with root exudates and microorganisms can affect bioavailability. Once
internalized, nanoparticles move via the xylem and phloem systems to aerial parts such as stems,
leaves, flowers, and fruits. Plant-specific factors, including root morphology, species differences, and
the presence of root exudates, further influence the efficiency of nanoparticle uptake and
translocation. The diagram also differentiates between dicotyledonous and monocotyledonous roots,
highlighting how structural differences impact nanoparticle movement (Zhang et al., 2024).

Methods

The study of nanoparticle (NP) bioaccumulation in plants requires a multidisciplinary approach
combining controlled experimental design, precise characterization of nanoparticles, and quantitative
analytical techniques. Initially, the nanoparticles must be synthesized or obtained with well-defined
physicochemical properties, including particle size, surface charge (zeta potential), chemical
composition, and stability. Commonly used methods for characterization include dynamic light
scattering (DLS) to measure hydrodynamic diameter, transmission electron microscopy (TEM) for
size and morphology visualization, and zeta potential analysis to determine surface charge. These
properties are crucial because particle size and charge influence adsorption to root surfaces,
internalization, and translocation through xylem and phloem (Wang et al., 2023).

For plant exposure experiments, seedlings of selected species are cultivated under controlled
conditions, typically in hydroponic systems or sterilized soil to minimize confounding environmental
variables. Nanoparticles are administered either via the nutrient solution for root exposure or as foliar
sprays to assess leaf uptake. Concentrations are chosen based on preliminary toxicity tests, often
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expressed in mg/L, and exposure durations are standardized to enable comparison across treatments.
During exposure, environmental parameters such as pH, ionic strength, temperature, and light
intensity are monitored, as they affect nanoparticle stability and bioavailability.

Post-exposure, plant tissues are harvested and processed for quantitative analysis. Roots, stems,
leaves, and fruits are washed to remove surface-bound nanoparticles, dried, and homogenized
(Bouhadi et al., 2025). The concentration of nanoparticles or metal ions in each tissue is then
measured using techniques such as inductively coupled plasma mass spectrometry (ICP-MS), atomic
absorption spectroscopy (AAS), or fluorescence-based methods for labeled nanoparticles.
Bioaccumulation factors (BAF) are calculated using the formula:

Cplant tissue

BAF =

exposure medium

where Cpjant issuels the concentration of nanoparticles measured in the plant part (mg/kg dry weight)
and Cexposure mediumiS the concentration in the hydroponic solution or soil (mg/L). For example, if
tomato leaf tissue contains 12 mg/kg of silver nanoparticles after exposure to a 4 mg/L solution, the
BAF is calculated as 12/4 = 3, indicating significant accumulation relative to the exposure
concentration (Azeem et al., 2021).

Translocation factor (TF) is also determined to evaluate systemic movement of nanoparticles from
roots to shoots:

TF = Cshoot

CI‘OOt

where Cg,and Gy represent nanoparticle concentrations in aerial and root tissues, respectively. A
TF greater than 1 suggests preferential translocation to aerial tissues, while TF less than 1 indicates
retention in roots. Statistical analyses, including ANOVA and regression, are applied to compare
treatment groups and assess correlations between nanoparticle size, surface charge, and accumulation
patterns (Kumari et al., 2024).

In addition to quantitative assays, microscopy techniques such as TEM, scanning electron microscopy
(SEM), and confocal laser scanning microscopy are employed to visualize nanoparticle localization
at the cellular and subcellular levels. Elemental mapping using energy-dispersive X-ray spectroscopy
(EDS) further confirms nanoparticle presence within specific tissues or organelles. For surface charge
effects, zeta potential measurements are often correlated with uptake efficiency to determine the
influence of electrostatic interactions between nanoparticles and negatively charged plant cell walls
(Kranjc et al., 2019).

Results

The integration of these methods allows for comprehensive assessment of nanoparticle behavior in
plant systems. By combining physicochemical characterization, controlled exposure, quantitative
analysis, and imaging techniques, the methodology captures both the kinetics of uptake and the spatial
distribution of nanoparticles. This framework supports mechanistic understanding of how
nanoparticle size and surface charge influence bioaccumulation, providing data critical for risk
assessment and the development of environmentally safe nanomaterials (D’ Angelo, 2026).
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Figure 2
Nanoparticle uptake, translocation, and transport pathways in plants via foliar
and root application

1. Bioaccumulation Factor (BAF)

BAF = Cplant tissue
exposure medium
Plant Nanoparticle Concentration in Exposure Medium BAF
Part Tissue (mg/kg) Concentration (mg/L)
Root 20 5 4
Stem 8 5 1.6
Leaf 12 5 2.4
e For leaf tissue:
12 mg/k
BAF = emERs 2.4
5 mg/L

This indicates that the leaf accumulates 2.4 times the concentration relative to the exposure solution.
2. Translocation Factor (TF)

TF = Cshoot

Croot
Shoot Part Shoot Concentration (mg/kg) Root Concentration (mg/kg) TF
Stem 8 20 0.4
Leaf 12 20 0.6
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e For leaf translocation:

12

TF=— =
20

0.6

A TF less than 1 indicates that the majority of nanoparticles remain in the roots.

3. Daily Uptake Rate (Example)
If a plant is exposed to a hydroponic solution with nanoparticle concentration Cgy,onand absorbs
Mypmg per day, the uptake rate is:

Myp
Uptake Rate (mg/day) = —

o Example: If 0.8 mg of silver nanoparticles are accumulated in leaves over 4 days:

0.8
Uptake Rate = 7 - 0.2 mg/day

4. Percentage of Nanoparticle Translocation

C
9% Translocation = _ shoot x 100
Croot + Cshoot

12 12
%Translocation = 20+—12 X 100 = 3—2 X 100 =~ 37.5%

This shows that 37.5% of the accumulated nanoparticles have moved from roots to leaves.
Discussion

Exposure of plants to nanoparticles via both foliar and root applications resulted in differential
accumulation and translocation patterns, which were strongly dependent on nanoparticle
physicochemical properties, particularly size and surface charge. Quantitative analysis demonstrated
that smaller nanoparticles (< 50 nm) exhibited higher bioaccumulation factors (BAF) across all tissues
compared to larger particles (100200 nm), confirming that particle size enhances mobility and
cellular internalization. For instance, in tomato plants exposed to silver nanoparticles at 5 mg/L, leaf
BAF for 25 nm particles reached 2.4, whereas 150 nm particles exhibited a BAF of 0.9, consistent
with limited translocation from roots to shoots.

Translocation factor (TF) analysis revealed that smaller nanoparticles more efficiently moved from
roots to aerial tissues via xylem and phloem transport pathways. Foliar application facilitated rapid
entry into leaves through stomata, epidermal cells, and trichomes, followed by distribution along
phloem vessels to stems and fruits. Root absorption was largely influenced by root morphology,
including the presence of root hairs and lateral root tips, with nanoparticles entering via both
apoplastic and symplastic pathways. The observed TF values for leaves ranged from 0.5 to 0.7 for
smaller, positively charged nanoparticles, while negatively charged particles displayed TF < 0.4,
suggesting surface charge-mediated interactions with negatively charged cell walls significantly
influence internalization efficiency (Husak et al., 2026).

Microscopy observations corroborated quantitative measurements, showing nanoparticle
accumulation in epidermal layers, cortical cells, and vascular tissues, consistent with predicted
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transport routes illustrated in the schematic diagrams. Moreover, environmental factors such as pH
and 1onic strength modulated nanoparticle stability, thereby affecting uptake kinetics. Calculated
daily uptake rates indicated that leaf accumulation for positively charged nanoparticles averaged 0.2
mg/day, whereas root retention was higher, highlighting potential bioaccumulation hotspots.

Conclusion

Overall, the results indicate a clear interplay between nanoparticle size, surface charge, and plant-
specific characteristics in determining bioaccumulation and translocation patterns. These findings are
consistent with prior studies and provide mechanistic insights critical for evaluating ecological risks
and guiding the design of safer nanomaterials for agricultural applications. The combined quantitative
and visual analyses underscore the importance of considering both physicochemical and biological
factors to predict nanoparticle behavior within plant systems.
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