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Abstract: In recent years; the interaction of nanoparticles (NPs) with plants has been intensively
studied. Therefore, more and more aspects related to both the positive and negative impact of NP
on plants are well described. This article focuses on two aspects of NP interaction with plants. The
first is a summary of the current knowledge on NP migration through the roots into the plant body,
in particular, the role of the cell wall. The second aspect summarizes the current knowledge of the
participation of the symplast, including the plasmodesmata (PD), in the movement of NP within the
plant body. We highlight the gaps in our knowledge of the plant–NP interactions; paying attention to
the need for future studies to explain the mechanisms that regulate the composition of the cell wall
and the functioning of the PD under the influence of NP.
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1. Introduction

Nanotechnology is a field of science that has experienced extremely intense growth in
recent years. This is due to the enormous hopes that are placed in the use of nanotechnology
in various areas of life. The father of nanotechnology should be considered to be Nobel Prize
winner Richard Feynman, who in his lecture in 1959 pointed out that it is possible to obtain
nanomaterials [1]. Currently, nanotechnology is one of the fastest developing scientific
and industrial fields. The term nanoparticles (NP) is defined as follows: an insoluble or
biopersistent and intentionally produced material that has one or more external dimensions
or an internal structure, on a scale from 1 to 100 nm [2].

NP have always been present in the environment because their natural sources are
active volcanoes and the soot that is formed in combustion processes, forest fires or dust
storms. However, only the development of nanotechnology has contributed to the signifi-
cant increase of NP in the environment because they are produced intentionally and/or
as a result of technological processes such as welding, metal smelting, soldering, welding,
vulcanizing, cutting a plasma, combustion engines, heating and power plants, cooking,
grilling or due to the use of office laser devices. Nanomaterials (NMs) are used in many
different industrial fields such as electronics, medicine, cosmetology, agriculture, the food
industry or construction [3,4]. The burst of the nanotechnology industry has resulted in the
accumulation of NM in the environment, but their fate in the environment is not yet fully
known and understood [5,6]. An analysis of the impact of NP on living organisms cannot
be compared to, for example, the effect of heavy metals that has been studied because NP
are different than the basic material in the atomic structure, and their physico-chemical
and biological properties are different [7]. The need to identify threats connected with
developing nanotechnology is beyond dispute.

In recent years, it is more and more frequently pointed out that besides the advantages
in our daily life that NM brings us, they may also cause adverse effects and these are not
yet fully explored. The new branch of science, nanotoxicology, dedicated to the analysis
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of the adverse effects of nanoparticles on ecosystems, is intensively developed in recent
years [8,9]. Analyses concern not only the degree of toxicity of NM on living organisms
but also detailed studies of their uptake and movement within the plant body on different
levels of organization: organs, tissues and cells.

A study of the literature data led to the conclusion that results obtained so far are
inconsistent, and thus, do not allow one to make generalizations about the effects of
NP on plants growth and development. It is not surprising as in this interaction there
are two key “players”: 1/the NP, which vary not only in composition, morphology but
also (among others) in size and surface properties and 2/different plant responses to NP,
depending (among others) on the developmental stage, organs that interact with NP or
growth conditions. At present, a picture emerges showing the stimulation, inhibition or no
effect on growth processes under the influence of NP.

Due to the abundance of studies on the effects of NP on plants [10–14], knowledge
of plant–NP interactions has increased significantly in recent years [6,15]. An excellent
summary describing the NP influence on plants has been provided lately [16].

Aspect of uptake and movement of NP within the plant body is poorly understood
and available literature data indicate the need to investigate the contribution of symplast
and apoplast in this process. Key questions about the impact of NP on plants will not find
answers before we get complete knowledge about how NP enter plants (including various
organs and tissues) and the mechanisms involved in this process and full description of
the “pathways” of the NP movement within the plant body.

NM can be divided into four categories: carbon-based NM, inorganic-based NM
organic-based NM and composite-based NM [17]. Due to such diversity of NM, current
article concerns only inorganic-based nanomaterials, including metal and metal oxide
NP. In addition, only studies in which NP were applied to the root system are taken
into consideration.

Despite the growing amount of literature data that describes the interaction of NP with
plants [15,16,18] and progress in understanding this impact, there are still some aspects that
need consideration. These include the role of the cell wall and symplast in NP uptake, and
the role of plasmodesmata (PD) in postulated pathway for NP to travel through the plant
body. Thus, there is a need to synthetically capture the analysis of both plant compartments:
cell walls—as a part of apoplast and PD—as a structure participating in NP translocation
within the symplast. To the best of our knowledge, the last review article systematizing the
above-mentioned issues was published in 2016 [19], so it is worth taking a look at what
we know is new in this field. The following questions arise: (a) what is the mode of NP
action that penetrate the cell walls? (b) is there a correlation between the NP occurrence
and the cell wall chemical composition? (c) are PD involved in the NP translocation within
the plant body and, if so, what is the mechanism of this process?

2. Apoplast

The first barrier that NP must overcome is the cell wall, regardless of the organ of the
plant (in the case of epidermis, there is also a cuticle, a layer that covers the outer periclinal
walls and is composed mainly of lipid substances). The movement of molecules through
the wall is limited by the pore size, defined as the space between the cell wall components
within the wall matrix [20,21].

2.1. Cell Wall Pore Size

According to the definition [22], the pore diameter in the wall is determined of the
Stoke’s radius of neutral hydrocolloid, which may pass through the wall. The pore size
of the wall is determined for a few nanometers (1.6–4.6 nm, depending on the plant
species and the stage of cell development). For hair cells of Raphanus sativus and fibers of
Gossypium hirsutum calculated value is between 3.5 and 3.8 nm, 3.8 and 4 nm for cells of
Acer pseudoplatanus, 4.5 and 5.2 nm for the isolated cells of palisade parenchyma leaves of
Xanthium strumarium and Commelina communis [22] and for Chenopodium album the value is
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from 3.3 to 6.2 nm, depending on experimental conditions [23]. For Achlya bisexualis the
pores in the wall were determined to be 2–3 nm [24]. Analysis of the pore size during the
wood decay by brown-rot fungi showed that the size is between 1.2 and 3.8 nm [25]. In
Chara coralliana the pore size was determined to be 2.1 nm [26]. Pore size for a few woody
plants in swollen wood showed the values 1.59–13.8 nm [27]. For barley roots the pore
size of rhizodermal cell walls was determined to be 3.2–3.8 nm [28]. The given values
indicate that particles having a diameter larger than several nanometers cannot overcome
the cell-wall barrier, at least in mentioned above species, tissues or cells. Many literature
data have pointed that the pore size is between 2 and 20 nm, however, 20 nm value was
obtained only after special wall treatment [29].

2.2. Documented Entrance of NP into Apoplast

The available literature data indicate that NP, even if their diameter is much larger than
the determined average pore size, can cross the cell walls (for review see: [18,30–35]). For
example, studies on wheat showed the presence of 20 nm titanium dioxide NP (TiO2-NP)
in different plant tissues indicating the possibility of this NP to cross the wall barrier [36].
In soybean and alfalfa, the iron oxide (Fe3O4-NP) of about 18 nm diameter were taken up
by roots, but translocation to the aerial parts was not detected [37]. For jasmine rice treated
with silver NP (Ag-NP) of different diameter (20, 30–60, 70–120 and 150 nm) the uptake of
NP was described [38]. It was shown that the lead sulfide NP (PbS-NP) in a size of about
20 nm can penetrate the maize roots, because they were detected in intercellular spaces
and cytoplasm of the cortical cells [33]. In radish treated with cerium oxide NP (CeO2 NP;
diameter 10–40 nm) the presence in plant tissues was also described indicating that even
such large NP can cross the wall [32]. Treatment of Cucurbita pepo with superparamagnetic
iron oxide NP (SPIONs; 12.5 nm in size) also showed that NP pass the cell wall [39].
Moreover, it was shown that zinc oxide NP (ZnO-NP) of 8 nm in diameter may enter
cytoplasm of root cells of Brassica [40].

So, the question is, what mechanism allows NP to cross the cell wall barrier? It can
be assumed that NP primarily cause changes in the chemical composition and physical
parameters of the wall. The cell wall is the part of the plant cell structure, which is actively
involved in the plant response to changing environmental conditions [41]. Modifications
in the chemical composition of cell walls in response to biotic and abiotic factors are
increasingly being investigated as an adaptation mechanism to altering environmental
conditions [28,42–49].

2.3. Postulated Mechanism That Allows NP to Cross the Cell Wall

Chemical composition of cell wall influences its structure, including porosity. This
parameter in turn determines the pore size of walls and controls the apoplastic exchange
of macromolecules. Cell wall is composed of cellulose, hemicelluloses, pectins, structural
proteins and phenolic compounds (such as lignin in specific walls). It is postulated that
pectins and networks they form in muro are the main players in regulation of cell wall
porosity [21,50–53]. Moreover, it was shown that low pH, cell-wall degrading enzymes
such as PG (polygalacturonase) and EGase (endo-1,4-b-glucanase) or EDTA (ethylenedi-
aminetetraacetic acid), all affect pectin properties and increase the porosity of a cell wall in
different plant species [29,54]. Therefore, research on the penetration of NP through the
wall should consider possible modifications of pectins and other wall components that
may result in a changes of cell wall physical properties (including pore size) and lead to
the penetration through the cell wall by the NP with a diameter larger than the specified
pore size.

So far only a few reports indicate that NP may influence the physical properties of the
cell wall causing enlargement of wall pores [42,43]. In the Arabidopsis root it was shown
that copper oxide NP (CuO-NP) decreased the cell wall xyloglucan and esterified pectin
contents [55]. Studies on radish taproot treated with lanthanum oxide NP (La2O3-NP)
showed decrease of pectin content in rhizodermis and parenchyma cell walls [56]. In Oryza
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sativa roots treated with Ag-NP changes in pectins and hemicellulose were described [57].
In Brassica seedlings the ZnO-NP caused cell wall modifications including lignification,
pectin accumulation and lignin-suberin deposition [40]. In alfalfa roots the nZVI-NP
(nano zero-valent iron) mediated hydroxyl radicals, which induced cell wall loosening [58].
Salicylic acid-chitosan NP (SA-CS-NP) applied to maize triggered (among others) cell wall
reinforcement by lignin deposition [59]. The potential impact of NP on the changes in the
wall are indicated also by proteomic studies [60].

It is postulated that the influence of NP on the chemistry and structure of the wall
may be a consequence of induced oxidative stress. It has been proved that NP in the
form of quantum dots can transmit optical energy to nearby oxygen atoms resulting in
the formation of free radicals and peroxides [61]. Depending on the level of the resulting
oxidative stress (oxidative stress appears when reactive oxygen species (ROS) lead to
imbalance between oxidative pressure and antioxidant defense system and can trigger
various reactions like damage to proteins, lipids and DNA), which is closely related to
the generated amount of ROS, plant can exhibit various reactions, including changes in
structure and chemical composition of cell walls [40]. For example, NP may induce ROS,
which can modulate the xyloglucan polymers in cell wall what leads to wall loosening
(i.e., hydroxyl radicals in cell walls could cause non-enzymatic wall loosening) and in such
conditions large NP can cross the cell wall [62]. Tobacco BY-2 cells treated with 30–40 nm
in diameter CuO-NP showed that some NP were attached to the surface of plant cells,
while some particles were transported into cytoplasm and mitochondria [63]. In grapevine
treated with poly(d,l-lactide-co-glycolide) NP (PLGA-NP) the cell wall prevented the
uptake of NP with diameter over 50 nm [64].

It is worth emphasizing that NP do not have to get inside plant cells to trigger a
response. In case of Panicum virgatum TiO2-NP in size of 21 nm did not penetrate to the
root, however, they influenced the plant growth [65]. Primary root of maize seedlings
treated with the industrially produced TiO2-NP 30 nm in size also did not enter the root,
but decreased the cell wall pore size from 6.6 to 3 nm and influenced plant growth [66].

The wall pore diameter is an element limiting the penetration of NP, but it should
be taken into account that NP may be subjected to chemical changes. The studies shown
that ZnO-NP may release Zn ions, which are absorbed by the roots with specific trans-
porters [67]. This means that the conducted research should consider not only NP and their
properties but also the possibility of chemical changes that they undergo when interacting
with plants.

In summary, studies of NP movement through the cell wall should include determina-
tion of the actual value for the cell wall pore size because: (1) not for all species this value
was determined, (2) cell wall pore size may vary depending on different factors (e.g., cell
type, degree of development and physiological state of the cell), (3) wall texture in cultured
cells is less dense and less structurally organized, contributing to increase the space size
in walls [64] and (4) NP may interact with the cell wall, inducing an enlargement of the
existing pores or the formation of new pores [42,62]. Understanding the mechanism of NP
penetration into cells should also concern such parameters of the NP movement as: passive
diffusion through cell wall pores, facilitated transport depending on surface properties,
osmotic pressure and the participation of capillary action forces [19,68].

A review of the available literature indicates that further research should involve an
analysis of changes in the chemical composition and structure of the cell wall. This will
allow us to answer the question of what the molecular mechanism of NP influence on these
wall parameters is.

3. Symplast

The symplast is a system consisting of protoplasts interconnected by PD, which are
plasma membrane-lined pores that traverse the walls of adjacent cells thus connecting
their cytoplasm [69,70]. In most cases, the diameter of the PD ranges from 25 to 40 nm [71],
but there are also described cases where the diameter is 50 nm and even 80 nm [72].
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Desmotubule (10–15 nm in diameter), a cylindrical structure formed from an appressed
ER membrane in continuity with the ER of the connected cells, is located in the centre
of PD [73]. Between the desmotubule and the plasma membrane there are cytoplasmic
microchannels (cytoplasmic sleeve) with the diameter between 2 and 4 nm. The diffusion
of molecules through PD takes place through these microchannels and is called symplasmic
transport [74,75]. Changes in the number, structure and capacity of PD and PD modifica-
tions regulate the movement of substances between cells. These changes take place during
growth and development of plant or due to operating biotic and abiotic factors [73]. The
transport efficiency of molecules dissolved in the cytoplasm (diffusion) depends on the
electrochemical gradient between adjacent cells, the cross-section of PD (understood as the
diameter of the channel PD and length) and the number/density of PD at the interface
of certain cells. In turn, each of the above features are subjected to physiological and/or
mechanical regulating factors originating from the external environment [70]. Transport
via PD is under complex and multistage control.

PD may exist in several conformations: closed/blocked, open-resting, dilated and
gated [70]. During open/resting stage PD allows free exchange of substances between
cells, such as ions, sugars, amino acids and proteins (on the condition that their molecular
dimensions are smaller than the diameter of the transport channels of PD). In contrast,
when PD is in stage called dilated, substances with larger diameter can move through
PD [75]. Last conformational state of PD, termed gated, concerns the dilation of PD
accompanying the movement of a targeted macromolecules such as proteins and mRNA
molecules having a specific signal sequences that direct them to the PD so they can pass
through them.

A detailed analysis of PD and their participation in the NP movement within the plant
body is essential to understand the mechanism of NP translocation by symplast. If we
assume that NP move through cytoplasm by diffusion, they should pass PD by cytoplasmic
sleeve. This means that NP larger than a few nanometers cannot move through PD, at
least on the mechanism of simple diffusion. Studies on Brassica with the use of ZnO-NP
of 8 nm diameter led to the hypothesis that this NP can use the PD as a route within the
plant symplast [40]. In the case of maize plants, PbS-NP translocation by the symplasmic
route has also been suggested [33]. Studies with the fluorescently labeled mesoporous
silica NP pointed that NP may translocate through PD, however such supposition was
indirect as no PD were shown [76]. The results of studies on the ZnO-NP translocation in
S. tabernaemontani indicate that this process occurs with the participation of symplasmic
pathway, however without strong evidence of PD involvement [32].

Though it is possible that in described above cases, there is a facilitated transport
through PD, which was demonstrated for many proteins, including transcription fac-
tors [75] it would be extremely important to find out if this mechanism is also involved in
NP translocation.

3.1. Data Indicating a Symplasmic Translocation of NP through PD

Many literature data reported that NP can enter roots through the apoplast and
then move through the symplast through PD [39,61,77,78]. Studies on Arabidopsis thaliana
treated with Ag-NP of different sizes (20, 40 and 80 nm) showed that the NP were present
in PD what led to the conclusion that in this movement, both, apoplast and symplast are
involved [77]. Studies on rice treated with carbon NP of the size of 40–70 nm showed that
apoplast and symplast are engaged in NP movement between cells of different tissues [39].
In the case of maize, it was found that PbS-NP are translocated by symplast [33]. Research
on Cucurbita pepo has also shown that SPIONs in a diameter of 12.5 nm can move through
symplast [39]. In wheat plants, which were exposed to Ag-NP and sulfidized silver NP
(Ag2S-NP) and ionic Ag, involvement of symplasmic pathway was suggested, however,
in cytoplasm also Ag ions were detected [79]. The symplasmic movement of CeO2NP
about 4 nm in diameter has been also suggested for wheat plants [80–82]. The above
research results indicate the participation of symplast in the movement of NP in plants.
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However, additional studies are necessary, especially in regard to the participation of PD
in the translocation of NP with a larger diameter than the cytoplasmic sleeve diameter.
It should be mentioned that PD are absent from the outer periclinal walls of epidermis
and rhizodermis. To enter the symplasmic transport route, NP have to overcome the wall
barrier and only then can move symplasmically through PD.

3.2. Possible Explanation of NP Movement through PD

How to explain the studies presenting that NP that is much larger in diameter than
the cytoplasmic channels travel through PD? Literature data showing the involvement of
PD in symplasmic transport of NP indicate only the diameter of PD, ignoring the aspect of
the diameter of the cytoplasmic sleeve. Therefore, information about the movement of NP
through the PD must be considered with caution. Certainly, in this aspect, the changes in
PD conformation that may appear under the influence of NP should be analyzed. Such
research has not been conducted so far.

The question arises what factors influence the size exclusion limit (SEL; size of a
molecule that can move freely between neighboring cells) of PD. Many studies have shown
that a number of biotic and abiotic factors influence SEL of PD (for review see [81,82]). For
example, changes in the redox status of cells modulate PD permeability leading to increase
of SEL. Some reports indicate the correlation between intracellular redox status and PD
structure and permeability [82]. The mechanism that may allow NP to travel through PD
may be related to mitochondria oxidative stress. NP, at least metal and metal oxide, may
cause such stress [34]. Moreover, it was documented that the response to osmotic stress
can cause PD to dilate [82].

Since NP have been found in plant organs other than those to which they were applied,
there must be a pathway for them to travel through a plant. It has been postulated that after
entering a plant, the NP are transported to various tissues through the xylem, which means
that at some point in time, the NP must cross the cell membrane barrier in order to enter
the cytoplasm and then translocate through the symplast via the PD. This means that both
the apoplast and symplast systems are involved in the movement of NP. It is also possible
that NP can translocate using other mechanisms such as by binding to the carrier proteins,
ion channels or via endocytosis [83–87]. However, the exact mechanism that is associated
with the uptake, translocation and accumulation of NP has not yet been fully confirmed.
Whether the NP symplasmic transport occurs requires further, detailed research. At the
moment, insufficient data does not enable the participation of PD in the movement of NP
with the diameter larger than cytoplasmic sleeve dimensions to be confirmed or denied.

4. Transmission Electron Microscope (TEM) Analysis of the NP in the Symplast
and Apoplast

Without an appropriate characterization of the chemical composition of NP, the TEM
images of the NP in plant cells have to be treated with extreme caution [19,83]. For
example, “rolled” PD, which are caused by the long and complicated procedure of sample
preparation that can cause such an artefact, can be seen in the TEM (Figure 1A and inset).
Without a specific determination concerning the diffraction pattern, chemical composition
(using energy-dispersive X-ray spectroscope, EDS), the high-resolution images that can
reveal the characteristic morphology/structure of the tested NP, the presence of NP in the
plant material cannot be confirmed. Thus, without the above-mentioned assays, it is not
possible to predict whether the PD is filled with NP, which is clearly visible in Figure 1A.
In the PD electron dense spots were visible very often (Figure 1B–D,G), however, an
analysis of their diffraction pattern indicated that these were not NP (Figure 1A and
inset, Figure 1H). Similar caution must be taken when analyzing the cell wall after NP
are applied, especially when the studies concern the primary cell wall. Namely, in such
walls, the pectins are abundantly present and their appearance in a TEM is electron dense
(Figure 1B,E). The middle lamella region was electron dense and the diffraction pattern
confirmed that these areas in the cell walls were not NP (Figure 1E,F). Confirmation of
the importance of knowledge about the chemical composition is shown in Figure 1I. The
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electron-dense spots look like NP (Figure 1I), but an analysis revealed that they were
amorphous materials (Figure 1J). The diffraction pattern that indicates the presence of Au-
NP is visible in Figure 1L, which confirms that the electron-dense spots that are visible in
Figure 1K are Au-NP. The importance of such a validation was proven by Zhang et al. [32],
who showed that the electron-dense NP that were seen in the plants were in fact yttrium
phosphate (YbPO4) precipitates and not nano-Yb2O3.

Figure 1. High-resolution transmission electron microscope (HRTEM) images of sections from barley roots that had been
treated with the Au-NP. (A) The PD in the wall. The appearance of the PD is an artefact that was caused by mistakes in the
sample preparation procedure; inset—diffraction pattern that that indicates that the black color (indicated by red arrow) is
not NP. (B) The PD with electron-dense material inside (indicated by black arrow), but as was proven by the diffraction
pattern (see inset on (A)), the electron-dense material was not NP. (C) Cell wall traversed by the PD with electron-dense
spots (indicated by black open arrow), which are not NP proved by diffraction pattern. Many electron-dense dots were
present in the cytoplasm but were also not NP (black arrow). Note that the dark colouration of the cell walls resulted
from the presence of pectins. (D) Similar to Figure (C), none of electron-dense particles were NP (black arrow; diffraction
patterns were the same as for (A)). (E) Cross-section through the root cell walls. Note the electron-dense bands in the
wall (black double arrow), which were not NP, but just a higher amount of pectins compared to the other parts of the
walls (cw). Such an image is especially characteristic for the middle lamella. Electron-dense dot (indicated by red arrow)
is not NP. (F) Diffraction pattern of the dot from Figure (E). (G) PD with electron-dense material inside (red arrow). (H)
Diffraction pattern of the electron-dense material from the PD that indicated that this material is amorphous, thus not
NP. (I) Electron-dense particles within the cell wall of barley roots (red arrow). (J) The diffraction pattern clearly supports
the claim that the observed electron-dense particles were not NP. (K) Transverse section through the cell wall with many
electron-dense particles. (L) The diffraction pattern indicates that the observed electron-dense particles are Au-NP.

Staining agents and buffers can produce similar artefacts, especially osmium tetrox-
ide, cacodylate, lead citrate or uranyl acetate [83]. The “fingerprints” of the agents that
were used for the sample procedure for the TEM analysis can cause misunderstandings
(Figure 2). The characteristics of lead citrate (Figure 2A), uranyl acetate (Figure 2B) and
osmium tetroxide (Figure 2C) are specific for these reagents and should be taken into
account during studies on presence of NP in plant cells. Therefore, it is recommended that
at least high resolution TEM be used to identify the crystalline structure or the distinct
shape of metal-based NP.
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Figure 2. HRTEM of the electron-dense particles detected during the procedure for sample prepa-
ration for electron dense electron microscopy analysis. (A) Diffraction pattern of the lead citrate
spots; inset 1—spots visible under a lower magnification, inset 2—under a higher magnification and
inset 3 EDS-TEM analysis of the analyzed spots. (B) Diffraction pattern of uranyl acetate spots; inset
1—spots visible under a lower magnification, inset 2—under a higher magnification with clearly
visible “fingerprints” of the uranyl acetate and inset 3—EDS-TEM analysis of the analyzed spots. (C)
Diffraction pattern of the osmium tetroxide spots; inset 1—spots visible under a lower magnification,
inset 2—under a higher magnification with clearly visible “fingerprints” of the osmium tetroxide and
inset 3—EDS-TEM analysis of the analyzed spots.
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5. Conclusions and Prospectives

Despite many years of research and an enormous amount of literature data, the
translocation of NP to the cells, their movement in a plant and the mechanisms that
regulate these processes, still have many unsolved problems and questions to be answered
in the future. The review, which concerns the participation of the apoplast in the uptake
NP and the symplast in the movement of NP in plants, led to the conclusion that further
research is necessary in order to explain the mechanisms that are activated by plants under
the influence of NP, which enable NP to penetrate the wall barrier and enter the postulated
path of their movement through the PD. Moreover, it seems that this research should be
undertaken in a comprehensive manner with the collaboration of scientists from various
areas and physiologists and plant anatomists, especially in the field of PD.
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4. Janković, N.Z.; Plata, D.L. Engineered nanomaterials in the context of global element cycles. Environ. Sci. Nano. 2019, 6, 2697–2711.

[CrossRef]
5. Arruda, S.C.C.; Silva, A.L.D.; Galazzi, R.M.; Azevedo, R.A.; Arruda, M.A.Z. Nanoparticles applied to plant science: A review.

Talanta 2015, 131, 693–705. [CrossRef]
6. Liu, W.; Zeb, A.; Lian, J.; Wu, J.; Xiong, H.; Tang, J.; Zheng, S. Interactions of Metal-based and Metal-oxide-based Nanoparticles

(MBNPs and MONPs) with Crop Plants: A Critical Review of Research Progress and Prospects. Environ. Rev. 2020, 28, 294–310.
[CrossRef]

7. Nikam, A.V.; Prasad, B.L.V.; Kulkarni, A.A. Wet chemical synthesis of metal oxide nanoparticles: A review. CrystEngComm 2018,
20, 5091–5107. [CrossRef]

8. Dietz, K.-J.; Herth, S. Plant nanotoxicology. Trends Plant Sci. 2011, 16, 583–589. [CrossRef]
9. Millán-Chiu, B.E.; Rodriguez-Torres, M.P.; Loske, A.M. Nanotoxicology in plants. In Green Nanoparticles. Nanotechnology in the Life

Sciences; Patra, J., Fraceto, L., Das, G., Campos, E., Eds.; Springer: Cham, Switzerland, 2020; pp. 43–76. [CrossRef]
10. Khodakovskaya, M.V.; de Silva, K.; Nedosekin, D.A.; Dervishi, E.; Biris, A.S.; Shashkov, E.V.; Galanzha, E.I.; Zharov, V.P. Complex

genetic, photothermal and photoacoustic analysis of nanoparticle-plant interactions. Proc. Natl. Acad. Sci. USA 2011, 108,
1028–1033. [CrossRef] [PubMed]

11. Rastogi, A.; Zivcak, M.; Sytar, O.; Kalaji, H.M.; He, X.; Mbarki, S.; Brestic, M. Impact of metal and metal oxide nanoparticles on
plant: A critical review. Front. Chem. 2017, 5, 78. [CrossRef]

12. Hossain, Z.; Mustafa, G.; Komatsu, S. Plant responses to nanoparticle stress. Int. J. Mol. Sci. 2015, 16, 26644–26653. [CrossRef]
13. Shang, H.; Guo, H.; Ma, C.; Li, C.; Chefetz, B.; Polubesova, T.; Xing, B. Maize (Zea mays L.) root exudates modify the surface

chemistry of CuO nanoparticles: Altered aggregation, dissolution and toxicity. Sci. Total Environ. 2019, 690, 502–510. [CrossRef]
[PubMed]

14. Tarrahi, R.; Mahjouri, S.; Khataee, A. A review on in vivo and in vitro nanotoxicological studies in plants: A headlight for future
targets. Ecotoxicol. Environ. Saf. 2021, 208, 111697. [CrossRef] [PubMed]

15. Rajput, V.D.; Minkina, T.; Suskova, S.; Mandzhieva, S.; Tsitsuashvili, V.; Chapligin, V.; Fedorenko, A. Effects of Copper
Nanoparticles (CuO NPs) on Crop Plants: A Mini Review. BioNanoScience 2018, 8, 36–42. [CrossRef]

http://doi.org/10.1007/s11569-015-0249-7
http://doi.org/10.1007/978-81-322-3655-9
http://doi.org/10.1039/C9EN00322C
http://doi.org/10.1016/j.talanta.2014.08.050
http://doi.org/10.1139/er-2019-0085
http://doi.org/10.1039/C8CE00487K
http://doi.org/10.1016/j.tplants.2011.08.003
http://doi.org/10.1007/978-3-030-39246-8_3
http://doi.org/10.1073/pnas.1008856108
http://www.ncbi.nlm.nih.gov/pubmed/21189303
http://doi.org/10.3389/fchem.2017.00078
http://doi.org/10.3390/ijms161125980
http://doi.org/10.1016/j.scitotenv.2019.07.017
http://www.ncbi.nlm.nih.gov/pubmed/31301491
http://doi.org/10.1016/j.ecoenv.2020.111697
http://www.ncbi.nlm.nih.gov/pubmed/33396028
http://doi.org/10.1007/s12668-017-0466-3


Appl. Sci. 2021, 11, 5473 10 of 12

16. Zhou, P.; Adeel, M.; Shakoor, N.; Guo, M.; Hao, Y.; Azeem, I.; Li, M.; Liu, M.; Rui, Y. Application of Nanoparticles Alleviates
Heavy Metals Stress and Promotes Plant Growth: An Overview. Nanomaterials 2021, 11, 26. [CrossRef]

17. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on nanoparticles and nanostructured materials:
History, sources, toxicity and regulations. Beilstein J. Nanotechnol. 2018, 9, 1050–1074. [CrossRef] [PubMed]

18. Sanzari, I.; Leone, A.; Ambrosone, A. Nanotechnology in plant science: To make a long story short. Front. Bioeng. Biotechnol. 2019,
7, 120. [CrossRef]

19. Schwab, F.; Zhai, G.; Kern, M.; Turner, A.; Schnoor, J.L.; Wiesner, M.R. Barriers, pathways and processes for uptake, translocation
and accumulation of nanomaterials in plants–Critical review. Nanotoxicology 2016, 10, 257–278. [CrossRef]

20. Salmén, L. Micromechanical understanding of the cell-wall structure. Comptes Rendus Biol. 2004, 327, 873–880. [CrossRef]
21. Rondeau-Mouro, C.; Defer, D.; Leboeuf, E.; Lahaye, M. Assessment of cell wall porosity in Arabidopsis thaliana by NMR

spectroscopy. Int. J. Biol. Macromol. 2008, 42, 83–92. [CrossRef]
22. Carpita, N.; Sabularsed, D.; Montezinos, D.; Delmer, D.P. Determination of the pore size of cell walls of living plant cells. Science

1979, 205, 1144–1147. [CrossRef]
23. Fleischer, A.; O’Neill, M.A.; Ehwald, R. The pore size of non-graminaceous plant cell walls is rapidly decreased by borate ester

cross-linking of the pectic polysaccharide rhamnogalacturonan II. Plant Physiol. 1999, 121, 829–838. [CrossRef]
24. Money, N.P. Measurement of pore size in the hyphal cell wall of Achlya bisexualis. Exp. Mycol. 1990, 14, 234–242. [CrossRef]
25. Flournoy, D.S.; Kirk, T.K.; Highley, T.L. Wood decay by brown-rot fungi: Changes in pore structure and cell wall volume.

Holzforschung 1991, 45, 383–388. [CrossRef]
26. Berestovsky, G.N.; Ternovsky, V.I.; Kataev, A.A. Through pore diameter in the cell wall of Chara corallina. J. Exp. Bot. 2001, 52,

1173–1177. [CrossRef]
27. Gao, X.; Zhuang, S.; Jin, J.; Cao, P. Bound water content and pore size distribution in swollen cell walls determined by NMR

technology. BioResources 2015, 10, 8208–8224. [CrossRef]
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