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Abstract: Nanoparticles have recently garnered a lot of interest as a very flexible agent with several potential uses. Research into their 

relationships with plants has expanded in recent years, with a focus on their apoplast (the extracellular area surrounding plant cells) 

activities. If we want to know how plant - particle interactions could affect plant physiology and the environment, we need to know 

where nanoparticles go and how mobile they are in the apoplast. To monitor nanoparticle behaviors in the apoplast, high - resolution 

imaging methods are required. We explore the advantages and disadvantages of imaging modalities, shedding insight on the challenges 

encountered by scientists researching nanoparticle dynamics in this intricate extracellular area. Focusing on the activation of signaling 

pathways and stress responses in plants, this article analyses the biological processes triggered by nanoparticles in the apoplast. Our 

knowledge of the possible impacts on plant development, health, and growth has been expanded by these results.  
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1. Introduction 
 

Nanoparticles have been a prominent subject of 

investigation in several disciplines owing to their distinctive 

physicochemical characteristics and extensive range of 

applications. In recent times, there has been a significant 

surge in scholarly attention towards investigating the 

dynamics of nanoparticle - living creature interactions, with 

particular emphasis in the botanical domain. The 

investigation of the behaviors and ultimate destiny of 

nanoparticles in the apoplast, which refers to the 

extracellular region encompassing plant cells, has become a 

crucial topic in the fields of nanobiotechnology and 

environmental research. The apoplast, an essential 

compartment inside plant tissues, facilitates the 

transportation of water, nutrients, signaling molecules, and 

other essential substances. The migration of nanoparticles 

within this region has the capacity to modify plant 

physiology, nutrient uptake, stress reactions, and 

environmental dynamics. Novel findings arise when 

researchers delve more into the intricate interaction between 

nanoparticles and the apoplast, resulting in innovative 

applications and ecological implications.  

 

The objective of this investigation is to provide an in - depth 

look at the current state of understanding pertaining to 

mobilized nanoparticles inside the apoplast. Our objective is 

to shed light on the intricate dynamics occurring at the 

nanoscale level, which dictate the interactions between 

plants and particles. This will be achieved by an 

investigation of the processes, factors, and biological 

reactions that regulate the movement of nanoparticles. In 

addition, we will explore the potential implications for this 

emerging subject in many disciplines such as agriculture, 

biotechnology, and environmental science.  

 

2. Nanoparticle Uptake and Translocation 

Mechanisms:  
 

The following section elucidates the significance of 

nanoparticle absorption and translocation mechanisms, 

underscoring the escalating utilization of nanoparticles 

across diverse applications. The stated objectives of the 

review pertain to the examination of current knowledge 

regarding the intricate mechanisms underlying interactions 

between nanoparticles and biological systems. The various 

parameters that influence the process of nanoparticle uptake 

are examined, encompassing factors such as nanoparticle 

size, shape, surface charge, and surface functionalization. 

The findings from various research studies examining the 

impact of these factors on cellular internalization and 

translocation are elucidated, thereby offering valuable 

perspectives on the development and refinement of 

nanoparticles tailored for specific applications.  

 

a) Cellular Uptake Pathways:  

Endocytosis, phagocytosis, pinocytosis, micropinocytosis, 

and direct penetration represent a repertoire of cellular 

uptake mechanisms that participate in the internalization of 

nanoparticles.  
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Figure 2.1: Cellular Uptake Pathways of Nanoparticles 

 

The investigation of the role played by diverse receptors and 

proteins within these pathways aims to shed light on the 

underlying biological mechanisms governing the process of 

nanoparticle absorption. Phagocytosis refers to the cellular 

process by which large particles, such as bacteria or viruses, 

are engulfed and internalized by cells. The particle 

undergoes an initial association with the cell surface through 

the binding of receptors, followed by its internalization via 

the formation of a pseudopod, which is a protrusion 

resembling a finger and composed of the cell membrane. 

The particle undergoes a process wherein it becomes 

enveloped within a membranous structure known as a 

vesicle, which is then internalized by the cell through a 

process of absorption [5]. Pinocytosis refers to the cellular 

mechanism through which cells internalize and engulf small 

particles and fluids. The cellular membrane undergoes 

invaginations, resulting in the formation of vesicles through 

a process of internalization [11]. Micropinocytosis is a 

fascinating phenomenon within the realm of cellular 

processes, specifically pinocytosis, whereby the formation of 

substantial vesicles, known as macropinosomes, ensues. In 

the majority of instances, macropinosomes manifest as a 

consequence of the existence of pathogens or other 

extraneous particles [12].  

 

b) Plant Uptake Mechanisms:  

This section addresses the specific absorption processes used 

by nanoparticles in plant systems.  

 

Figure 2.2: Plant uptake mechanisms of plastic by soil application via root 

 

In the realm of mechanics, several fundamental phenomena 

warrant our attention, namely passive diffusion, active 

transport, mass flow, and symbiotic relationships. Passive 

diffusion, a fundamental mechanism of nutrient uptake, 

occurs as nutrients undergo migration from regions of higher 

concentration to regions of lower concentration. This 

phenomenon can manifest through the apoplast, denoting the 

extracellular region that exists amidst the plant cell walls, or 

through the symplast, referring to the interconnected 

framework of cytoplasm within plant cells [1]. Active 

transport is a phenomenon in which nutrients undergo 

transportation against the concentration gradient, 

necessitating a more energy - intensive process for the 

absorption of said nutrients. The process is frequently 

achieved through the utilization of transporters, which are 

protein entities intricately integrated within the plasma 

membrane of plant cells [2]. The mass flow phenomenon 

occurs as water traverses the plant, concurrently transporting 

nutrients within its flow. This phenomenon may occur when 

water is transported upwards from the roots via transpiration 

or when water undergoes flow within the plant's xylem 

conduits [3]. Symbiotic associations with other organisms, 

such as bacteria or fungi, that facilitate the acquisition of 

nutrients. Leguminous entities, exemplified by legumes, 

exhibit a mutually beneficial interaction with bacterial 

organisms residing in their root systems, thereby enabling 

the process of nitrogen fixation to transpire, wherein 

atmospheric nitrogen is converted into a biologically 

utilizable form [4].  

 

3. Mobilized Nanoparticles in the Apoplast:  
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Nanoparticle Function Reference 

Silicon nanoparticles Promote the mobilization of iron in the root apoplast. [6] 

Zinc nanoparticles Enhance plant growth and resistance to abiotic stresses. [7] 

Silver nanoparticles Inhibit plant pathogens. [8] 

Gold nanoparticles Enhance photosynthesis and plant tolerance to high temperatures. [9] 

Carbon nanotubes Deliver nutrients to plants and improve plant growth. [10] 

 

4. Biological Responses to Nanoparticles in the 

Apoplast:  
 

The apoplast refers to the intercellular space that exists 

outside the confines of plant cell walls. The observed habitat 

exhibits a state of dynamism, wherein its characteristics are 

perpetually subject to the influence exerted by its immediate 

environment. Nanoparticles have the capability to traverse 

the apoplast through various pathways, encompassing 

passive diffusion, transporter - mediated mechanisms, and 

cellular uptake [13]. If the size of the nanoparticles is 

sufficiently small, they possess the capability to undergo 

diffusion within the apoplast. Certain nanoparticles have the 

capability to traverse the apoplast via dedicated transporters, 

while plant cells can internalize nanoparticles through 

diverse mechanisms such as endocytosis, phagocytosis, and 

micropinocytosis [14]. Upon entering the apoplast, 

nanoparticles have the potential to engage in interactions 

with an extensive array of compounds, encompassing cell 

wall components, membrane proteins, nutrients, and DNA. 

Nanoparticles possess the inherent capability to engage in 

interactions with the constituent elements of cell walls, 

namely cellulose, hemicellulose, and pectin. Aquaporins and 

ion channels are a pair of membrane proteins that possess 

the capability to engage in interactions with nanoparticles. 

Nanoparticles possess the inherent capability to engage in 

interactions with essential nutrients, including iron, zinc, and 

copper, thereby establishing a profound influence on their 

behaviour and dynamics. Nanoparticles possess the capacity 

to engage in interactions with DNA, thereby instigating 

alterations in the manifestation of genetic information.  

 

Biological Response Nanoparticle Concentration Plant Species Reference 

Cell death Silver nanoparticles 100 ppm Arabidopsis thaliana [18] 

Growth inhibition Zinc oxide nanoparticles 100 ppm Brassica juncea [19] 

Stress tolerance Iron oxide nanoparticles 100 ppm Oryza sativa [20] 

Bioaccumulation Carbon nanotubes 10 ppm Triticum aestivum [21] 

 

5. Regulation of Nanoparticle Mobility in the 

Apoplast 
 

The movement of nanoparticles in the apoplast is subject to 

the influence of various factors. Incorporating the 

dimensions of particles, their electric charge, the intricacies 

of surface chemistry, and the influences of plant - related 

factors [22]. The transportation of nanoparticles within the 

apoplast, the extracellular space encompassing plant cells, is 

a dynamic phenomenon subject to the influence of numerous 

cellular and environmental stimuli. Comprehending the 

underlying mechanisms that dictate the movement of 

nanoparticles within the apoplast is of utmost importance in 

harnessing their potential in targeted delivery systems, 

agrochemical applications, and environmental biotechnology 

[23]. The following provides a comprehensive analysis of 

the current understanding regarding the regulation of 

nanoparticle mobility within the apoplast. Our investigation 

delves into the intricate interplay between plant - specific 

transporters, the dynamic interactions with the cell wall, the 

intricate process of endocytosis, and the subsequent 

exocytosis events that collectively govern the transportation 

of nanoparticles within the plant system.  

 

Nanoparticles of smaller dimensions exhibit greater velocity 

compared to their larger counterparts during their 

translational motion. This phenomenon can be attributed to 

the heightened surface area - to - volume ratio exhibited by 

nanoparticles of smaller dimensions. This characteristic 

renders them more prone to engaging with water molecules 

and other molecules present within the apoplast [24]. The 

mobility of a nanoparticle in the apoplast can be influenced 

by its charge as well. Nanoparticles possessing a positive 

charge exhibit greater mobility in comparison to their 

counterparts carrying a negative charge. This phenomenon 

arises as a consequence of the electrostatic attraction 

between nanoparticles possessing positive charge and the 

negatively charged cellular membranes of plant cells. The 

mobility of a nanoparticle within the apoplast can be 

influenced by its surface chemistry as well [22]. 

Nanoparticles exhibiting a hydrophobic surface manifest 

enhanced translational velocities relative to their hydrophilic 

surface counterparts. This phenomenon arises due to the 

reduced frequency of interactions between hydrophobic 

nanoparticles and water molecules, as well as other 

compounds present in the apoplast. The mobility of 

nanoparticles in the apoplast can be influenced by various 

factors related to plant characteristics, including the specific 

plant species, the stage of growth it is in, and the prevailing 

climatic circumstances [23]. Certain botanical taxonomies 

have been empirically demonstrated to exhibit a heightened 

susceptibility to the deleterious ramifications of nanoscale 

particles in comparison to their counterparts.  

 

6. The utilization of nanoparticles in the realm of plant 

biology has garnered significant attention due to their 

potential for various applications. Nanoparticles, which 

are particles with dimensions on the nanometre scale, 

offer unique properties that can be harnessed to enhance 

plant growth, development, and overall performance. 

One notable application:  

 

Nanoparticles have exhibited considerable potential in the 

realm of plant biology, encompassing a wide array of 
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applications such as augmenting plant growth and 

development, enhancing stress resilience, and fortifying 

resistance against diseases. In the realm of plant biology, 

nanoparticles have emerged as a pivotal tool with a 

multitude of significant applications.  

 

a) Nanoparticles for Enhanced Nutrient Uptake:  

Nanoparticles, such as those of Nano - sized fertilizers, have 

been harnessed to enhance the efficiency of plant nutrient 

assimilation, thereby yielding elevated growth and 

productivity. The remarkable discovery of silver 

nanoparticles has unveiled their profound ability to enhance 

the uptake of nitrogen and phosphorus in rice plants [25].  

 

b) Nanoparticles for Seed Priming:  

The phenomenon of nanoparticle seed priming has been 

experimentally validated to exhibit a remarkable 

enhancement in germination rates, seedling Vigor, and early 

growth. The empirical findings have elucidated that the 

incorporation of copper oxide nanoparticles manifests a 

discernible enhancement in the processes of seed 

germination and early growth in Solanum Lycopersicon, 

commonly known as tomato plants [26].  

 

c) Nanoparticles for Plant Growth Regulation:  

Certain nanoparticles have demonstrated the ability to act as 

growth regulators, exerting influence over a diverse range of 

physiological processes within plant organisms. Zinc oxide 

nanoparticles, as a notable illustration, have been 

experimentally shown to induce a notable augmentation in 

root elongation and enhance the overall growth efficacy in 

Arabidopsis thaliana [27].  

 

d) Nanoparticles for Plant Stress Tolerance:  

Nanoparticles have been observed to confer advantageous 

effects upon plants, enabling them to effectively mitigate the 

impact of various environmental stressors, including but not 

limited to drought, salinity, and heavy metal exposure. 

Selenium nanoparticles, as an illustrative instance, have 

been experimentally demonstrated to exhibit a protective 

effect on wheat plants by mitigating the oxidative stress 

induced by cadmium exposure [28].  

 

e) Nanoparticles for Plant Disease Management:  

The utilization of nanoparticles as prospective agents for the 

management of plant diseases has been subject to extensive 

investigation. Copper nanoparticles exhibit notable 

antifungal properties when confronted with plant pathogenic 

fungi, thereby facilitating disease management across 

diverse crop species [29].  

 

f) Nanoparticles for Plant Genetic Engineering:  

Nanoparticles possess the capability to facilitate the 

transportation of genetic material into plant organisms, 

thereby offering valuable assistance in the realm of genetic 

engineering endeavors. Researchers employed gold 

nanoparticles as a means to facilitate the transference of 

genetic material into plant cells, thereby enabling the 

induction of genetic alterations [30].  

 

7. Conclusion 
 

The comprehensive review titled "Mobilized Nanoparticles 

in the Apoplast" provides a thorough overview of the 

ongoing investigations pertaining to the transport and 

dynamics of nanoparticles within the apoplast. The authors 

comprehensively discuss the diverse mechanisms by which 

nanoparticles can permeate the apoplast, alongside the 

governing parameters that dictate their transportation and 

deposition. In addition, the researchers engage in discourse 

regarding the prospective remedial and detrimental effects of 

nanoparticles on the cellular and tissue structures of plants. 

The review further underscores the significance of 

conducting additional research on the transport and 

dynamics of nanoparticles within the apoplast. The 

proponents advocate for inquiries that integrate experimental 

and modelling methodologies in order to gain a more 

comprehensive comprehension of the underlying 

mechanisms. Additionally, it is postulated that additional 

investigation is imperative to assess the potential hazards 

and advantages associated with the utilization of 

nanoparticles in the realms of plant agriculture and 

biotechnology.  
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