Journal of Advanced Research 31 (2021) 113–126

Contents lists available at ScienceDirect

Journal of Advanced Research
journal homepage: www.elsevier.com/locate/jare

Biostimulation and toxicity: The magnitude of the impact
of nanomaterials in microorganisms and plants
Antonio Juárez-Maldonado a, Gonzalo Tortella b, Olga Rubilar b, Paola Fincheira b,
Adalberto Benavides-Mendoza c,⇑
a
b
c

Departamento de Botánica, Universidad Autónoma Agraria Antonio Narro, 25315 Saltillo, Mexico
Centro de Excelencia en Investigación Biotecnológica Aplicada al Medio Ambiente (CIBAMA), Facultad de Ingeniería y Ciencias, Universidad de La Frontera, 4811230 Temuco, Chile
Departamento de Horticultura, Universidad Autónoma Agraria Antonio Narro, 25315 Saltillo, Mexico

g r a p h i c a l a b s t r a c t

a r t i c l e

i n f o

Article history:
Received 11 June 2020
Revised 22 December 2020
Accepted 26 December 2020
Available online 5 January 2021
Keywords:
Nanoparticles
Nanotoxicology

a b s t r a c t
Background: Biostimulation and toxicity constitute the continuous response spectrum of a biological
organism against physicochemical or biological factors. Among the environmental agents capable of
inducing biostimulation or toxicity are nanomaterials. On the < 100 nm scale, nanomaterials impose both
physical effects resulting from the core’s and corona’s surface properties, and chemical effects related to
the core’s composition and the corona’s functional groups.
Aim of Review: The purpose of this review is to describe the impact of nanomaterials on microorganisms
and plants, considering two of the most studied physical and chemical properties: size and concentration.
Key Scientific Concepts of Review: Using a graphical analysis, the presence of a continuous biostimulationtoxicity spectrum is shown considering different biological responses. In microorganisms, the results
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showed high susceptibility to nanomaterials. Simultaneously, in plants, a hormetic response was found
related to nanomaterials concentration and, in a few cases, a positive response in the smaller nanomaterials when these were applied at a higher level. With the above, it is concluded that: (1) microorganisms
are more susceptible to nanomaterials than plants, (2) practically all nanomaterials seem to induce
responses from biostimulation to toxicity in plants, and (3) the kind of response observed will depend
in a complex way on the nanomateriaĺs physical and chemical characteristics, of the biological species
with which they interact, and of the form and route of application and on the nature of the medium soil, soil pore water, and biological surfaces- where the interaction occurs.
Ó 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

exhibits a high surface: volume ratio. The surface energy of an
NM can be 3 to 6 times higher compared to the bulk material
[9]. Chemical properties include the ability of NMs to enter cells
and different cell compartments and release the ions or substances
that make them up [10]. The above differential physical and chemical properties allow the NMs to show a broader range of impacts
than those shown by the bulk material or the material in micron
or ionic form [11,12].
Different studies have compared the impact of different elements, especially metals and metalloids, in ionic and nanometric
form. The effect in both cases is variable according to the concentration of the materials: hormesis, or stimulation with low level,
and toxicity with high concentration [13]. The defense and adaptation mechanisms that the organisms exert in case of toxicity are
different for bulk materials and NMs. What is known about the
impact of bulk materials does not fully predict the effect of the
NMs [8].
For ionic forms, the first line of defense in plants is the regulation of the concentration in the cytoplasm and other cellular compartments, using selective mechanisms based on transport
proteins, channels, and endocytosis that mobilize the ions towards
the vacuole or extrude them towards the apoplast [5,14]. Additionally, the transformation of metals and metalloids into less toxic or
non-toxic chemical species can occur in microorganisms. If the
concentration regulation mechanisms are not enough, then the
molecular and enzymatic antioxidant defenses and defenses that
make use of chelating metabolites, peptides, and storage or detoxification proteins are activated in both plants and microorganisms
[15–17].
In the case of nanometric species, the number of interactions
with cell surfaces is greater compared to ionic forms and the
response mechanisms seem to be more diverse. To the best of
our knowledge, NMs can enter the different cell compartments,
but not as a result of a sequestration or chelating process dependent on specialized transport mechanisms or complexing metabolites, as occurs with ionic forms. NMs can penetrate cell
compartments, inducing damage to the membranes or pores
through the reactivity of the NM surface or through endocytosis
processes [18]. The formation of biofilms and cell aggregates of
the same species or even of different species occurs in the microorganisms as a strategy to survive in stressful environments. The
biopolymers and metabolites that are extruded by the cells and
form the biofilm’s extracellular matrix reduce the direct contact
between the cells and the external environment, mitigating the
cellular damage caused by NMs. On the other hand, cell aggregation, which may or may not be accompanied by a biofilm formation, reduces the net surface area of bacterial cells’ exposure to
the external media where the NMs are found. The strategy of cell
aggregation reduces the damage caused by the NMs on the individual cells [19,20].
Another kind of NM-cell interaction depends on the great surface free energy of the NM. The surface energy makes NMs highly
reactive, rapidly inducing modifications in cell walls and mem-

Introduction
Biostimulation and toxicity constitute segments of the continuous response spectrum of a biological organism against a physicochemical or biological factor. Environmental agents that cause
biostimulation or toxicity (or inhibition) can be physical, chemical,
or biological. Typically, an excess of the factor or the presence of
the factor at a level outside of a suitable range (e.g., irradiance,
the concentration of an ion or a biomolecule) induces an inhibition
response or even death of the organism; On the other hand, if the
factor is at a certain level within the margins of an adequate range,
then biostimulation occurs [1]. Toxicity is synonymous with inhibition, while biostimulation is synonymous with promotion.
Biostimulation as a biological activity must be distinguished
from the concept of biostimulant that is applied in agricultural
practice. There is no widely accepted definition of biostimulant
[2]. Different authors and legislation point to varying definitions,
agreeing that these are substances or microorganisms for agricultural use that facilitate the acquisition of nutrients or promote
plant metabolism, but without belonging to the category of fertilizer, growth regulator or pesticide [2,3]. The definition of biostimulant has a scientific basis, but its application has been directed
more towards regulatory purposes.
Biostimulation, on the other hand, is a general biological
response triggered by some environmental factor that causes the
adaptive modification of metabolic processes, in such a way that
the organism carries out adjustments that lead to more efficient
use of environmental resources. Biostimulation occurs in response
to virtually all environmental factors: physical, chemical, and biological [1]. When the level of the environmental triggering factor
exceeds the appropriate threshold for the organism, it generates
negative responses that are called toxicity (when it comes to
chemical or biochemical compounds) or inhibition (in the case of
physical factors such as temperature and irradiance). An example
of the above is the toxicity of Cu when the concentration exceeds
the levels of 25 mg kg 1 in plant tissues [4]. In this case, the toxicity is the result of the alteration of the functioning of the Ca2+ and
K+ channels by interaction and blocking by Cu2+ [5]. This dysfunction changes the distribution and balance of Ca2+, K+ and Mg2+ in
plant cells, leading to the production of free radicals and the resultant oxidative stress [6].
Among the environmental factors capable of inducing biostimulation or toxicity are nanomaterials (NMs) of metals, semi-metals,
and non-metals, minerals (such as nanoclays and nanozeolites),
organic (such as chitosan) and C (such as graphene). NMs are characterized by having at least one dimension<100 nm. On this scale,
the materials have different properties from those of the bulk
material of the same composition [7], showing physical effects
associated with surface properties and chemical effects related to
its composition [8].
Among the physical properties of NMs, it can be mentioned a
high level of surface free energy, resulting from the exposure of
electrons from the outer layers, which occurs when a material
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out the potential use of NMs as biostimulants to improve biological processes.

branes and causing membrane damage and formation of reactive
oxygen species (ROS) and other reactive species, modification of
the activity of different integral proteins, and changes in the redox
balance, energy metabolism, and ion transport [5,19]. The cell wall
and membrane stimuli occur before NM is internalized to the cytoplasm and cell organelles. At low concentration, surface stimuli
caused by NMs induce beneficial defense responses and modify
positively the metabolism, analogously to a biostimulant [4]. However, when the concentration of NMs increases, it is supposed that
excess surface interactions can induce a state of distress in cells,
inhibiting metabolism, growth, or even causing cell death [8].
In addition to concentration and surface free energy, other characteristics as the composition, size, and charge, as well as more
complex characters to quantify such as shape, crystallinity, roughness, porosity, hydrophobicity, and hydrophilicity, determine
together the response of cellular components to the NMs [8,21].
As with other environmental factors, such as nutrients, water deficit, cold, and UV radiation, the interaction of microorganisms and
plants with the NMs determines changes in behavior at the subcellular, cellular, tissue, and organ levels, or the entire organism. The
adaptive responses occur after a sequence of events of perception,
transduction, and signaling, which modify gene expression or
metabolism [22,23].
An additional factor that increases the complexity of interactions between cells and NMs is the formation of the surface corona.
In natural media: edaphic, aquatic, or internal volume of organisms, the surface of the NMs adsorbs organic molecules or biomolecules (proteins, peptides, polysaccharides, glycolipids, and small
metabolites), forming a corona whose composition it is characteristic of each type of NM and of each medium where these materials
are found. The formation of the corona radically modifies and
extensively diversifies the interaction properties of the NMs with
biological entities [21,24–26], adding this character to the ability
mentioned above to induce physical and chemical effects on cells
[27].
The surface properties mentioned above are presented in all
NMs; properties depend mainly on the nanodimensional magnitude of the material. Therefore, all NMs, regardless of their composition, operate in a spectrum of action from biostimulation to
toxicity. This spectrum of responses of the cells to the NMs results
from the interaction with the conglomerate of physical and chemical properties of the NMs. The initial responses mainly depend on
the physical properties of the NM surface interacting with the cell
surfaces, while the later responses are the result of the interaction
of the internal cellular environment with the physical and chemical properties of the NM [8].
Different reviews have described the experimental information
about the interaction between the NMs with biological organisms,
pointing out the physical and chemical interactions [21,24,27,28]
and the different responses observed in different species of
microorganisms [29,30], fungi [31] and plants [32–34]; It has also
been written about the transit of materials in ecosystems and food
chains [12,35]. We published a review in 2019, proposing that NMs
be categorized as biostimulant compounds [1]. In our previous
study, the emphasis was placed on the impact of surface charges
and the electric double layer on the interaction of NMs with plant
cells, pointing out the possibility that surface interactions were
part of the explanation for the capacity of NMs to induce beneficial
responses in plants.
As a complement to the previous reviews, the present
manuscript tries to list, considering the cases of plants and
microorganisms, published evidence about how the impact of
the most studied physicochemical properties (e.g. concentration, size, surface charge, surface free energy, shape, roughness,
hydrophobicity) of the NMs is framed in a continuum of
responses that goes from biostimulation to toxicity, pointing

The physical properties of NMs induce biostimulation or
toxicity in microorganisms and plants
The first NM-microorganism or NM-plant interaction occurs
through the surfaces or interfaces. The surface properties of the
NMs and their corona define the primary impact that they have
on cell walls and membranes (Fig. 1) and therefore, dictate the
form and extent of the initial responses of the organisms [24,36].
When NMs take contact with soils and water environments, atmosphere or biological fluids, immediately form a corona; therefore,
the first NMs-cell interaction occurs between the NḾs corona
and the receptors and surface components of cell walls and membranes [5,26,37]. For the above reason, the same type of NMs, with
the same properties in shape, size, composition, etc., will have a
different impact on an organism, depending on the corona composition. Likewise, NMs of the same composition but with variations
in size, shape, or roughness, will form coronas with different components, and therefore with different biological impacts (Fig. 2)
[25,38]. Additionally, the adsorption of proteins on the surface of
the NM can induce oxidation of proteins [36] or change their native
form [37], causing cellular responses associated with the stresses
that cause protein denaturation (e.g. unfolded protein response)
[39]. The dynamic and complex nature of the corona makes the
impact of an NM on an organism difficult to predict and has led
to many studies on the functionalization of NMs with polymers,
with antibodies, low weight organic and inorganic compounds, or
with specific proteins to obtain preformed coronas. The objective
has been to control the impact of the NMs on the cells or environment through a corona of known composition [37]. These studies,
however, have been carried out mainly looking for applications in
nanomedicine, and there is relatively little progress on this topic
for the use of NMs in plants and microorganisms [40–43].
In the NMs, size, shape, aspect ratio, porosity and roughness are
physical properties that determine the surface: volume ratio,
which in turn specifies other properties such as the density of surface charges and surface free energy [44,45]. A pristine NM has a
high level of surface free energy, so in an environment without
organic molecules or biomolecules, it tends to aggregate with itself
and precipitate, thus reducing the exposed surface. On the other
hand, when NM is found in soil or another natural environment,
or a biological fluid, the NM through the surface charges will spontaneously associate with organic molecules or biomolecules to
form a corona; this organic coating constitutes an automatic mechanism to decrease the free energy of the system in which the NM is
immersed [38,46]. Other types of NM’s core interaction with the
medium, such as the dissolution and redox reactions of the components and the reconstruction of the surface, also minimize free
energy and, as the formation of the corona, completely change
the response of cells to NM [47].
The above explains why functionalized NMs (coated with
organic molecules such as citric acid) or those coated with a corona
show less tendency to aggregation or aggregate reversibly [35,48].
Each combination of (NM  physical properties  composition of
the ecological or biological medium) results in a set of surface
changes or a corona with a certain composition and the presence
of functional groups from organic molecules or biomolecules in
the medium. The aforesaid makes predicting the long-term behavior of NMs in the environment and when interacting with different
species of organisms a significant challenge. Even in the case of
plants, each organ has a specific proteome and metabolome, so
depending on the route of entry of the NMs (seeds, roots, leaves,
fruits), there will be variation in the impact on individuals [49,50].
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Fig. 1. Joint representation of eight the physicochemical characteristics of the NMs and the possible causal associations between these characters. The explanation of each
characteristic is noted in the text.
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Fig. 2. Representation of a possible way to classify NMs based on the magnitude (the length of each arrow) or category of each characteristic. The biological impact does not
depend on a single feature. The effect depends on the set of interactions of the different properties of the NMs that define first the behavior in biological fluids and natural
environments and, second, the biological impact exerted on cells when interacting with components of cell surfaces, cytoplasm, and organelles.

The functional groups of the corona’s biomolecules are those
that will interact with the surface receptors of the cells in the first

place [38,51,52]. The functional groups of both the corona and cell
wall and membrane proteins protrude from the volume occupied
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several planta species [66]. In other studies, the application of carbon nanotubes by drench to tomato seedlings induced higher root
biomass. It did not affect shoot biomass, while the foliar application did not affect the shoot and root biomass. Furthermore, in
both application routes (foliar and drench), carbon nanotubes
induced an increase in the content of chlorophylls, nonenzymatic antioxidants (ascorbic acid, glutathione, phenols, and
flavonoids) and the activity of enzymes (APX, GPX, CAT, and PAL)
[67].
Adverse effects were observed in shoot and root biomass in
tomato seedlings grown from seeds soaked with carbon nanotubes; the impact being more negative as the concentration of
these NMs increased (up to 1000 mg L-1). In contrast, the content
of chlorophylls, vitamin C, phenols, flavonoids, H2O2, and the activity of the PAL, APX, GPX, SOD, and CAT enzymes was increased
[68]. The above shows that in addition to the characteristics such
as the aspect ratio, diameter, size, and charge of the NMs, the
impact on the vegetables will also depend on the form and route
of application. The above points on the aspect ratio of carbon
NMs illustrate the necessity to carry out a higher amount of experimentation on the use of NMs as biostimulants in soils and crops
since, as mentioned previously, the specific set of interactions
between the characteristics of the NMs factors, the form and route
of application, and the features of the microbial or plant species
involved, determine the biological impact.
Roughness and porosity constitute two of the physical properties of pristine or functionalized NMs that increase the surface area
of the NM [69], the distribution of charges on the surface of the NM
[70], and, therefore, the ability to adsorb organic molecules in the
corona [71]. The corona, apparently because of the complex and
rough topography of the NM surface, has been found not to form
a continuous coverage, allowing exposure of some regions of the
NM surface [72]. These exposed regions are believed to, through
hydrophobicity and hydrophilicity processes, modify the hydrodynamic properties of the NMs, the adsorption force of organic molecules to the surface of the NM [27] and the way of interaction with
cell walls and membranes [70,73].
Hydrophobicity is thought to be highly relevant to define the
biological impact of the NMs [74] since the hydrophobicity:
hydrophilicity ratio of the surfaces of the NMs determines the
interaction and adhesion with cell walls and membranes. In general, hydrophobic surfaces tend to adhere to other hydrophobic
surfaces, and the same occurs with hydrophilic-hydrophilic [73].
Hydrophobic interactions can occur on the surface of specific
materials such as polystyrene or in the proteins or biomolecules
of the NMs corona [27]. On the part of the cells of microorganisms
and plants, the components that can cause hydrophobic interactions are compounds such as lipoteichoic acid, oligosaccharides,
fibrils, and proteins with secondary and tertiary structures that
contain hydrophobic residues (e.g., alanine, valine, and phenylalanine) [27,73]. Even though roughness, porosity, and hydrophobicity are factors considered as determining factors during the NMcell interfacial interaction [75], there are no studies in microorganisms and plants on the contribution of these characteristics to the
biostimulation capacity or toxicity of NMs quantitatively.
Once the reciprocal actions between the NM-cell interfaces generate a set of responses, which can be called biophysical biostimulation or biophysical toxicity, the second phase of the interaction
occurs, consisting of the internment of the NM or, where appropriate, definitive adhesion from NM to the cell surface [38]. It has
been observed that when an NM shows a low level of surface coating, the surface interactions are strong, with less cellular internment. In contrast, high NM surface coverage reduces cellular
responses dependent on surface interaction but increases cellular
internment [76]. After admission or adhesion, the NM can be
chemically modified by the biomolecules of the internal cellular

by the electrical double layer (EDL). Therefore, their interaction
occurs independently of the net surface charge of the EDL [1].
The identity of the corona is dynamic, changing through its passage through different environments and through time, until
reaching the state of minimum free energy [24,28,46]. The corona
can be formed by one or more layers of organic molecules which
are agglutinated by means of Van der Waals forces, hydrogen
bridges, electrostatic forces of functional groups, and hydrophobic
interactions [47]. When the NM reaches a stable state of minimal
energy through the formation of the corona, it is said to have
formed a hard corona, characterized by biomolecules or organic
molecules strongly bound to the NM that do not easily desorb of
the surface. Before reaching a stable state, the NM is covered by
a soft corona, which includes molecules adsorbed with less force
[53]. The larger size of the NMs favors the formation of a soft corona, while the smaller NMs favor the fast formation of a hard corona
since the greater surface: volume ratio results in more surface free
energy and favors intermolecular interactions between biomolecules and the NMs [53,54]. The hard corona is not presented in
the functionalized NMs, where a soft corona with less stability is
observed [25].
Because of the aforesaid, the initial impact of the NMs on the
cells occurs through the corona-cell surface interaction [52,55].
The initial interaction occurs between the surface charges of the
NM-cell wall interface and subsequently at the NM-cell membrane
interface and causes the non-specific activation of the cell wall and
membrane receptors, energy transport or transduction proteins,
and of mechanoreceptors. Furthermore, because of the high surface
free energy, the union of the NM corona with the cell wall and
membrane can cause alterations in these structures. The alterations are followed by the release of stress markers that in turn
induce cascades of cellular defense responses [56,57].
Through the mechanism described above, the size, shape, and
aspect ratio of the NMs have been described as properties that
have a decisive impact on cells [21,52]. For example, in a range
of 43 to 205 nm, Se nanoparticles (NPs) of 81 nm showed the highest antibacterial activity, and a variety of responses of the microorganisms depending on the different size of the NPs were observed,
such as decreased internal ATP, production of ROS and disturbance
of the membrane potential [58]. Regarding the shape, in a study
with Arabidopsis thaliana with spherical (8 ± 2 nm), triangular
(47 ± 7 nm) and decahedral (45 ± 5 nm) Ag NPs, it was found that
all of them induced multiple biological responses such as, ROS
accumulation, gene expression changes, and ethylene sensitivity,
highlighting the spherical ones for being associated with higher
accumulation of anthocyanins, the triangular ones for low antimicrobial activity and the decahedral ones for inducing more significant root growth [59].
The aspect ratio refers to the quotient between the length and
the width of the NM. The aspect ratio is a manifestation of the
shape of the NMs and its impact on organisms is variable. It is
believed that the higher this ratio is, the more likely it is to induce
toxicity on certain organisms [21,60]. However, the need to consider other properties of the NMs, such as diameter, size, functionalization, and charge, has been highlighted, since they modify the
biological impact of the aspect ratio [61,62]. Most of the studies
on the aspect ratio and its effect on cells have been carried out
using animal models or human cells based on the asbestos paradigm [63,64]; in plants they are relatively less available
information.
In plants, it has been found, for example, that seed exposure
from various plant species to carbon nanotubes (20 and 50 mg L1
), a class of NM with a high aspect ratio (10–20 nm  10–30 l
m), improved germination and seedling growth [65]. Carbon nanotubes have also been used successfully as vehicles for DNA delivery without transgene integration to leaves and protoplasts of
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beneficial or toxic element, as well as the identity of the corona
components, are determining in cellular response [1].
From the above mentioned, it can be concluded that, under a
certain range of concentrations, which depends on the specific type
of NM and its above mentioned physical properties, an initial biophysical stimulus originates, resulting from the interaction of cell
surfaces with cell charges, functional groups of the corona and
hydrophobic or hydrophilic groups of the corona and of the
exposed surfaces of the NM. In the right concentration, the initial
stimulus can trigger a positive response in cellular metabolism
and gene expression, that is, biostimulation. However, outside this
concentration range, the NM causes toxicity [78,88].
The result is a type of biological response to the concentration
of a biphasic or hormetic nature [13,89]. Agathokleous et al. [89]
refers to this phenomenon as two faces of nanomaterials, where a
low concentration would cause a stimulatory effect, and on the
other hand, a high concentration would cause an inhibitory effect.
The range of concentrations that define the boundary between
biostimulation-toxicity will be variable, even for NM of the same
composition, depending on the magnitude or category of the other
NM variables such as shape, surface energy, the identity of the
components of the corona, among others.
As with any other type of chemical compound, the definition of
suitable concentration or size is specific for each kind of NM [32]. It
is also possible that in the range from low to the high concentration of the NM, positive biological responses followed by negative
and subsequently positive occur; this phenomenon derives on the
one hand from the accumulated dose over time and, on the other
hand, from the aggregation between NMs- NMs and NMs-cells that
do not follow a linear trend [83]. The aggregation of the NMs that
can occur when they reach a high concentration could partially
explain the paradox that lower concentrations of NMs can induce
more toxicity than higher concentrations [90]. Likewise, the nonlinearity of the responses allows us to separate the biological
impact of the NMs into two phases: one that depends on the concentration of the NMs in soil, water, or the atmosphere and that
covers periods of time measured in days; and a second phase that
can cover months to years, in which the impact is determined by
the total accumulated dose, which is a function of the NM concentration, bioavailability and the time of exposure [35].

medium, giving rise to the phenomena described in the following
section where the composition of the NM comes to play an important role.

The chemical properties of NM’s corona and NM’s core induce
biostimulation or toxicity in microorganisms and plants
The mechanisms by which NMs exert biostimulation and toxicity processes are not well understood. The most widely considered hypothesis is that they generate ROS [77], and that
depending on the concentration of ROS they can activate cellular
defense mechanisms (eustress) or can lead the cell to a state of
distress and even cell death [78]. Other reactive species, such as
nitrogen reactive species (RNS), also intervene in the signaling
processes through NO, causing nitrosative stress [79,80]. According to the intensity of stress, it can translate into cell responses
from biostimulation to toxicity. RNS as a product of the interaction between nanomaterials and cells have been less studied than
ROS, while reactive sulfur species (RSS) have not been studied in
this regard.
When an NM comes into close contact with a cell, the NM-cell
interfacial interaction and the subsequent cell signaling process
induce a primary stimulus or first phase of cellular modulation
responses: changes in membrane potential, modification of integral proteins for energy transduction, and generation of elicitors
and antioxidants in response to the changes or damages in the
membranes, followed by an alteration in the gene expression
[52,77]. The second phase of cellular responses occurs when the
metallic NMs transform to ionic forms of the element, either in
the growth medium of the microorganisms or in the plant apoplast; these extracellular ionic forms, depending on the concentration and the chemical speciation resulting from pH, ionic strength,
oxidation–reduction potential, interaction with other inorganic
ions and complexation with biomolecules, cause biostimulation
or toxicity on cells by modifying the membrane potential and
interacting with the membrane receptors [32,81].
In the second phase of cellular response, the internalization into
the cytoplasm of the NMs also occurs. This internalization seems to
happen in general for all NMs (metallic, non-metallic, organic, and
carbon). It gives rise to another series of events derived from biochemical responses that change cellular behavior [82]. The cellular
responses triggered by NMs internalization occurs both by the
presence of ions of the elements that were part of the core of the
NM, by unfolded proteins adsorbed in the corona, as well as by
cofactors of the corona that modifies cytoplasm metabolites or protein functional groups, or by induction of oxidative stress created
by the interaction of the free energy on the surface of the NM with
the internal membranes systems [83–85].
The NMs internalization occurs at the interface of the external
environment with the cell wall or membrane. In cell walls, it happens through pre-existing pores up to 30 nm in diameter, modified
pores with a larger diameter, or by induction of new pores resulting from interfacial interactions [86]. In the membranes, the NMs
also induce openings that allow passage to the cellular medium;
the passage through the membranes seems to result from membrane damage by the stimulation of the high density of surface
charges, by hydrophobic or hydrophilic interactions, or through
the action of endocytosis [18,87]. Intracellular mobility has been
described for metallic and non-metallic NMs, such as C nanotubes
[32]. The literature indicates that the NMs come to maintain direct
contact with the cytoplasm, with the internal membrane system
and with the membranes of organelles and the nucleus. In this second phase of the biological response, which is now a mixture of
biophysical and biochemical effects, the concentration of the NM,
the elemental composition of the NM, whether it is an essential,

Phenotypic responses induced by NMs in microorganisms and
plants
This section aims to describe employing a graphic model the
magnitude of the responses of organisms to different NMs under
different environmental conditions. Concentrations of NMs in the
environment are still unknown. However, some studies estimate
that the soil receives a significantly higher amount of polluting
NMs compared to water and air [91]. In this regard, it has been
widely documented that process associated to waste decomposition and biochemical cycles, organic mineralization, hydrolytic
enzymes, nitrification and interaction with crops and wild plant
in soil carried out by microorganisms, may be affected by NMs
[30,92]. On the other hand, positive responses also have been
reported [13], however, the specific mechanisms have not been
completely elucidated yet (Fig. 3).
The term ‘‘magnitude” used in the title of this manuscript refers
to the different classes of the impact of NMs on cells. For example,
the higher effectivity in biostimulation occurs by increasing the
concentration of the NMs in the medium from zero to a certain
optimal level, from which the biostimulatory effect decreases until
it becomes toxicity [89]. In the same sense, the higher effectivity in
the impact of an NM on cells is inversely related to size, maybe
because as it decreases, the more elevated surface: volume ratio
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Fig. 3. Positive and negative responses on soil microbial communities caused by nanomaterials.

which is reflected in a decrease in individuals or colonies. Several
authors suggest that the production of ROS is the main one of
the different mechanisms that explain the impact of NMs on
microorganisms [95,96,98,99]. ROS overproduction results in damage to the cell membrane, proteins, and DNA, causing cytotoxicity
in microorganisms [96]. On the other hand, several complex mechanisms are necessary to ensure a level of essential metals in
microorganisms, which are mainly bounded to protein as a cofactor [100]. These same authors reported that input (influx) or output (efflux) of metal into cells is a consequence of activation of
the metalloregulatory system, which can fail when the buffer
capacity of a cell is exceeded. Microbial metal regulation can also
fail when the cell membrane and its protein channels and transporters undergo conformational changes due to interaction with
NM or suffer oxidative damage from reactive species that are generated when NMs interact with cell walls and membranes [5].
Changes in fatty acid methyl ester (FAME) profiles in the presence
of metals for maintaining membrane fluidity have also been
reported [101].
Cytotoxicity is directly dependent on the NM concentration to
which the microorganisms are exposed [95]. Fig. 4 shows that,
regardless of the type of NM, as the concentration increases, less
survival of the microorganisms is observed. Cytotoxicity also
depends on the type of NM applied, since in some cases even
low concentrations of a specific NM e.g., copper iodide [96] and
ZnO [98], can induce high toxicity, while in other cases higher concentrations of another NM such as SnO2 [98] may have less toxic
impact.
Soil bacteria are considered a risk group due to the influence of
the antimicrobial activity of some NPs, such as silver (AgNps) or
copper (CuNps) nanoparticles [102,103]. Many studies have been
carried out about the direct effect of NPs on soil microorganisms,
obtaining a great diversity of results, ranging from negative to positive effects [30]. According to cell structure, Gram-negative bacteria could be less sensitive to NMs than Gram-positive but is not

determines more surface free energy and, on the other hand,
because when the NM decreases its size below a certain threshold
(typically at least one dimension < 15 nm) the NM begin to manifest electronic confinement and behave like quantum material. The
latter implies the presence of new emerging properties, and consequently, additional biological responses to those shown with the
largest non-quantum NMs [12,93].
Biostimulation or toxicity additionally result from physical or
chemical complex stimuli related to shape, roughness, hydrophobicity, and composition, variables for which little information is
available or are qualitative (such as the fact that NM is a metal
or an oxide). Therefore, concentration and size constitute a good
preliminary approach to describe the impact of NMs on organisms.
However, we consider that concentration and size do not fully
explain the observed biological responses and that other variables
for which little information is available (e.g., hydrophobicity) also
contribute to the biological impact.
Impact on microorganisms
The results of the analysis carried out with the data obtained
from 5 publications are presented below. Publications were considered by include results of at least four different concentrations
plus a control. Additionally, the selected publications included
information regarding the survival of the microorganisms evaluated (number of individuals or colonies) (Fig. 4). The information
was used to construct a graph of biological responses refers to
the concentration and type of NMs vs. the response in the growth
or survival of microorganisms.
From the above, it is clear the capacity of NMs as antimicrobial
agents. NMs have multiple modes of action on microorganisms,
such as ROS production, direct damage to cell membranes, changes
in metal/metal ion homeostasis, genotoxicity, among others [99].
Fig. 4 shows a direct negative impact of the NMs on the microorganisms, negatively affecting cell division or causing cell death,
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Fig. 4. Survival of microorganisms exposed to different concentrations and types of NMs. Data from [94–98]. The species listed are: Bacillus altitudinis, Bacillus subtilis,
Pseudomonas aeruginosa, Shigella dysenteriae, Escherichia coli, Staphylococcus aureus, Skeletonema costatum, Klebsiella pneumoniae, and Micrococcus luteus.

achieved with 100 mg L-1 of CuI NPs [96]. The observed sensitivity
to Ag NPs was Bacillus barbaricus > B. subtilis > Klebsiella pneumoniae  Pseudomonas aeruginosa > Micrococcus luteus, where the
growth of B. barbaricus was inhibited entirely with 50 mg L-1 of
Ag NPs; when exposed to ZnO NPs sensitivity was B. barbaricus > B.
subtilis > M. luteus > P. aeruginosa  K. pneumoniae, where 100 mg L1
of ZnO NPs were required to achieve 100% inhibition [94]. When
TiO2 NPs were used, the sensitivity of the microorganisms was P.
aeruginosa  Bacillus altitudinis > B. subtilis; however, the doses
used (0.25–1.0 ml L-1) failed to totally inhibit growth since it only
decreased by approximately 20% [95]. As can be seen in Fig. 4, in
the data set used, the impact of the NMs on the microorganisms
was presented as neutral or deleterious and was found to be
dependent on the concentration and the type of nanomaterial
applied.
Notwithstanding the above, recently has been reported that
quorum sensing could be used by soil bacteria as a strategy to produce hormesis in the presence of metals [105]. Then, if metals can
cause a cascade of responses in bacterial cells, it would be logical to
think that metal nanoparticles could generate the same adaptative
responses. Not only the adverse effects of NMs on microorganisms
have been reported, but also the increase in growth promotion,
pesticide-degrading microorganisms, metabolic activity, and
enzymes have been reported [104]. In this sense, [106] reported
that TiO2-NPs and ZnO-NPs caused alteration in several microbial
communities, but an increase in Sphingomonadaceae, Streptomycetaceae, and Streptomyces. More studies are necessary concerning
molecular mechanisms that are triggered by microorganisms in
the presence of metal nanoparticles, and less known is even the
effects produced by nanomaterials such as carbon nanotubes or
fullerenes.
Hormesis and biostimulation by nanoparticles or nanomaterials
are not frequently and/or directly evaluated in soil microorgan-

always. [30] indicated that the toxicity of NPs on microorganisms
depends on parent material, size, shape, and coating. Moreover,
has been demonstrated that metal nanoparticles such as Zn oxides
(ZnO-NPs), cerium oxide (CeO2-NPs), copper and copper oxides
(CuNPs-CuO-NPs), iron oxide (Fe3O4-NPs), silver (Ag-NPs) or titanium dioxide (TiO2-NP) can modify the composition of soil microbial communities [92]. Carbon nanomaterials such as fullerenes
and carbon nanotubes have also shown cause alteration in soil
microbial communities, however, studies have demonstrated that
fullerenes are less toxic to microorganisms than other carbon
nanomaterials [104].
It also happens that the same species or strain of microorganism
will react differently to different NMs, demonstrating that each
type of NM has a differential capacity to generate cytotoxicity.
For example, the growth of Skeletonema costatum presents different inhibition according to the type of NM to which it is exposed
(Fig. 4). When exposed to NMs such as c-Al2O3, In2O3, MgO, aMgO, TiO2, and ZnO up to 100% growth inhibition can be observed,
unlike when exposed to a-Al2O3 and SnO2 where it is not reached
100% inhibition. Also, the lowest concentration at which 100%
growth inhibition occurred was 4 mg L-1 of ZnO, while concentrations as high as 1280 mg L-1 of a-Al2O3 and SnO2 only inhibited the
growth of S. costatum in 35 and 24% respectively [98]. The growth
of Escherichia coli is almost wholly inhibited when exposed to
45 mg L-1 of Ag NPs, while 20 mg L-1 of Ag slightly slows growth
(approximately 20%) [97]. When E. coli is exposed to copper iodide
nanoparticles, complete inhibition occurs at a dose of 100 mg L-1
[96]. In contrast, different microorganisms have different
responses to the same type of NM (Fig. 4). For example, the
observed sensitivity to copper iodide nanoparticles was Shigella
dysenteriae > E. coli 970 > E. coli wt > Staphylococcus aureus > Bacillus
subtilis, where B. subtilis required a dose of 150 mg L-1 of CuI NPs to
achieve 100% inhibition, while for the rest of the strains this was
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without combining with another NM, and that the characterization
of the NM (size and shape) was presented. The information used to
construct the graph of biological responses refers to the concentration and type-size of the NMs vs. the response variables of plants:
biomass production or yield, production of enzymatic or nonenzymatic antioxidants, free radicals, or Malondialdehyde, in
whole plants, organs, or seeds, in different cultivation systems
(Fig. 5).
As previously described, the range of plant responses after
exposure to various nanomaterials is dependent, among other
things, on the concentration and size of the nanomaterial. The
biostimulation or toxicity response can be described by the
greater or lesser biomass production or plant yield (Fig. 5A).
Regardless of the type of NM and its size, there is a threshold
in the concentration that is applied in which, once it is
exceeded, the observed effect is negative, obtaining a decrease
in biomass production or yield. However, below this threshold,
the observed response is positive. This range of biphasic
responses dependent on the applied NM concentration presents
the typical inverted U shape, in which as the concentration
increases a positive response is observed until a certain threshold is reached [89]. From this point on, the response may be
null or simply a negative response begins to be observed, such
that as the NM concentration continues to increase, the negative effect increases in intensity (Fig. 5B).

isms. Nevertheless, some studies have reported the diverse effects
of NPs on microorganisms, either with modulating, activating, or
suppressing activities [107]. In this way, [108] indicated that metal
oxide NPs as CeO2, Fe3O4, and SnO2 did not alter the microbial biomass C and N significantly, while microbial C/N ratio increased
after exposure to Fe3O4 and SnO2 due to the increase of
ectomycorrhizae.
Very few studies were adjusted to the criteria described above
for the construction of Fig. 4. This fact seems to indicate the need
for more experimental information on the impact of NMs with different characteristics, composition, and concentration in different
environmental situations and types of soil. On the other hand,
the use of NMs as biostimulants could perhaps be directed towards
crops in soilless or hydroponic systems. In this way, while more
information is obtained on the use of NMs in agricultural soil,
the techniques for their application as biostimulants in soilless systems can be tested and advanced.
Impact on plants
The results of the analysis carried out with the data obtained
from 18 publications on the effects of NMs on different plant species are presented below. These publications were selected considering those that gave results of at least two concentrations of the
evaluated NM plus a control, that the studied NM was applied

Fig. 5. Response graph A) of biomass production or crop yield, B) enzymatic activity, C) production of antioxidants, and D) production of free radicals or Malondialdehyde
(MDA) of plants upon exposure to nanomaterials of different size and composition applied in different concentrations. na: data not available. Data and plant species from:
[109] Solanum lycopersicum; [110] Oryza sativa; [111] Triticum aestivum; [112] Arachis hypogaea; [113] Calendula officinalis; [114] Nicotiana tabacum; [115] Triticum aestivum;
[116] Vigna unguiculata; [117] Triticum aestivum; [118] Solanum lycopersicum; [119] Oryza sativa; [120] Raphanus sativus; [121] Vigna radiata; [122] Oryza sativa; [123]
Phaseolus vulgaris; [124] Oryza sativa; [125] Fragaria  ananassa; [126] Raphanus sativus.
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Considering the results for microorganisms and plants together,
we find that the smaller and more reactive NMs seem to have better results with plants. However, more reactive materials would
also be expected to have a more significant negative impact on soil
microorganisms. Therefore, except for the availability of more
information, the use of NMs in soil cultivated crops would seem
questionable. In this case, it would be advisable to use NMs mainly
in seed priming or in soilless crops, where the impact on the soil
microbiome would presumably be less. However, it would be necessary to analyze the potential effect of NMs on other microbiomes, e.g., on the endophytic microbiome of plants and, in the
case of trophic transfer, on the microbiome of consumers.

The response of biomass production is dependent on multiple
factors related to plant metabolism and physiology. In the first
instance, biomass production depends on the efficiency of the photosynthesis process, since photosynthates which will be used in
maintenance metabolism (respiration) and plant growth and
development, are generated from this process. Therefore, any modification that is made in the photosynthesis or respiration process
will lead to a redistribution of energy and biomass, modifying the
phenotypic response of the plant.
Depending on their physicochemical characteristics, the NMs
can modify the different metabolic processes of plants. Photosynthetic efficiency can be improved through some NMs [127], or
overproduction of free radicals can be generated that will result
in oxidative stress [113,114,120,122]. In the first case, the observed
effect will be a higher biomass production or plant yield, while in
the second case, the opposite effect can be observed.
Free radical production is a necessary process in plants, functioning as signaling agents for environmental stimuli or as part
of the signal network to trigger developmental events. Enzymatic
or non-enzymatic processes produce free radicals in practically
all cell compartments. The cellular redox state, dependent on the
balance between the quantity of free radicals and antioxidant compounds, is a dynamic character that influences metabolism and
gene expression. The redox balance can be modified by biotic or
abiotic conditions that are outside the optimal limits for each plant
species. In the case of NMs, low concentrations can induce a
decrease in the amount of free radicals in plants [115], a response
maybe derived from the NM-s ability to induce enzymatic and
non-enzymatic antioxidant compounds (Fig. 5B–D). However, in
most cases, the NMs induce overproduction of free radicals that
can be beneficial if it does not exceed the plant́s metabolic limit
[128–130]. If the metabolic threshold is surpassed, occurs the
induction of oxidative stress due to the substantial accumulation
of free radicals (Fig. 5D), causing damage to different cell structures
[109,113] and even causing damage to DNAs and RNAs [131]. The
damage caused by an excessive concentration of free radicals is
mitigated by the antioxidant defense system, increasing the production of enzymatic and non-enzymatic compounds (Fig. 5B
and C) [113]. If the production of free radicals is extensive, a more
significant amount of antioxidant compounds is required (Fig. 5B
and D), which in some cases may be insufficient to neutralize
the free radicals produced [113]. The above can affect the accumulation of non-enzymatic antioxidant compounds because some of
these (ascorbate, GSH) are the necessary substrates for the functioning of antioxidant enzymes (Fig. 5C). The result is that the plant
dedicates more energy to the maintenance of the antioxidant
defense system, reducing the amount of energy for growth and
yield (Fig. 5A).
The 18 publications included in the analysis shown in Fig. 5 provide data for 11 plant species under different cropping systems. As
mentioned in the case of microorganisms, the amount of information is not high when considering the large volume of information
available on the use of NMs in plants. However, unlike microorganisms, the results obtained in plants indicate the presence of a hormetic response [89], with biostimulation occurring up to a certain
concentration threshold.
The response of plants to the size of the NMs seems less manifest, probably due to the diversity of the composition of the NMs.
However, considering the relative response of biomass/yield, some
NMs like Ce and Fe2O3 seems to show that smaller NMs have a positive impact with higher concentrations (Fig. 5A). This positive
response to smaller NMs has been described for quantum NMs
with dimensions smaller than 15 nm that positively impact photosynthesis [127]. Still, it requires more studies in the case of
responses related to biomass and yield, since it is surely dependent
on the NM class and the plant species in question.

Conclusions
Different mechanisms by which nanomaterials impact on
microorganisms and plants were revised in the context of nanomaterial properties using a graphic model to represent the continuum
of biostimulation and toxicity. The results indicate a high susceptibility of microorganisms to NMs. Simultaneously, in plants, a hormetic response was detected for the concentration of NMs, and a
few cases where small-size NMs applied in high concentration
induced favorable responses. Therefore, it is possible to use different NMs as a tool to increase growth and stress tolerance in plants.
The minimum information necessary seems to be the concentration to be used, the composition, the size of the NMs, and the plant
species to which it is directed. Regarding microorganisms, a more
significant number of studies are recommended, primarily aimed
at verifying the effect of NMs on edaphic microbiomes. Considering
the previous points is advisable to increase the number of studies
directed to using NMs as biostimulants for seed priming and in
soilless cultivation systems. Further research is necessary to
achieve a suitable assessment of the dose range, in combination
with other nanomaterial properties, that will allow obtaining positive influences in biological processes related to microorganisms
and plants.
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