
Chapter 13
Magnetic Nanoparticles for Life Sciences
Applications

C. Marquina

Abstract The ongoing research on the applications of magnetic nanoparticles in
Bio-medicine and the results obtained up to now open a wide range of possibili-
ties for their use in Life Science disciplines, for example in general plant research
and agronomy. The work presented here focuses on the interaction of two types
of magnetic core-shell nanoparticles with plants and microorganisms. The research
carried out with carbon coated iron nanoparticles aims to investigate their penetra-
tion and translocation in whole living plants and into plant cells, as response of the
nanoparticles to magnetic field gradients. This study is essential to evaluate the suit-
ability of any nanoparticles as magnetic responsive carriers for the localized delivery
of phytosanitary or pest control treatments. The study carried out with silica coated
nanoparticles focuses on their interaction with fungal cells, taking a soil borne plant
pathogen as in vitromodel. Our research paves the way to usemagnetic nanoparticles
for detection, selective control and eventual elimination of pathogenic fungi.

13.1 Introduction

Life Sciences encompass the study of living organisms, which concerns not only
animals (including human beings) but also plants and microorganisms, covering
fields of knowledge such as Medicine, Biotechnology, Environmental Sciences,
Botany and other branches of Biology, among many others. Research on these
subjects has acquired a marked interdisciplinary character which has made it benefit,
for example, from the knowledge, materials, devices and tools of Nanoscience and
Nanotechnology. An example is the increasingly frequent use of nanoparticles, and in
particular, of magnetic nanoparticles, in Biomedicine. Here we will focus on the use
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of magnetic nanoparticles in Life Sciences fields dealing with plants and microor-
ganisms. Although Nanoscience and Nanotechnology are more and more present
in areas such as plant research, agriculture and agronomy, and the incorporation to
these areas of new strategies and methodologies based on the use of nanoparticles is
growing, the particular case of magnetic nanoparticles is still little explored.

One of the first works dealing with nanoparticles in plant research is the one
carried out by Torney et al. [1] in which mesoporous silica nanoparticles act as vehi-
cles to transport DNA and chemicals into isolated plant cells and intact leaves. The
delivery of DNA by means of mesoporous SiO2 nanoparticles was studied also by
Martín-Ortigosa et al. making use of different strategies for the penetration of the
nanoparticles into the plant cell [2–4]. Polymeric nanoparticles [5], fluorescent chro-
mophores [6], ZnO nanoparticles [7], among many others have also been used as
carriers for plant cell genetic engineering, one of themost studied applications in plant
research. Another topic that has aroused great interest is the study of how nanopar-
ticles can influence the plant growth and germination and the functionality of plant
cell organelles. Hong et al. studied effect of TiO2 nanoparticles on the photochemical
reaction of chloroplast of Spinacia oleracea [8], and on the growth of spinach plants
[9]. Recently, Frazier et al. studied the influence of these nanoparticles on the growth
and microRNA expression of tobacco (Nicotiana tabacum) [10]. The effect of ZnO
nanoparticles on the inhibition of seed germination and root growth was also studied
by Lin and coworkers [11, 12]. Efforts have also been focused on enhancing crop
yields and controlling/suppressing plant diseases and parasites. With these objec-
tives in mind, studies have been carried out with a variety of nanoparticles (made of
polymers, liposomes, 3d-metals and 3d-metal oxides, carbon nanostructures etc.) as
reported for example in the works of Perez de Luque et al. [13], Servin and coworkers
[14] and Yasmeen et al. [15]. For the control of diseases and pests, the rapid and
easy detection of the causative agent is crucial. In this respect, Nanotechnology has
provided us with highly sensitive, versatile, inexpensive and user-friendly biosen-
sors [16–19]. Among the different types, nano-devices based on the localized surface
plasmon resonance (LSPR) have been developed, for example, for the detection of
the maize chlorotic mottle virus in infected maize seeds [20, 21]; or for detecting
biomarkers associated with nutritional deficiencies in crops [22]; or to elucidate the
effect of a T-DNA insertion on mRNA transcripts in plants [23, 24], among other
applications. With regard to microorganisms, the use of micro- and nano-particles
as an antibacterial and antifungal agent is widespread. Silver is one of the most
frequently used materials [25], working for example against phytopathogenic fungi
[26] and bacteria such as Pseudomonas aeruginosa and Staphylococcus aureus [27].
Recent studies carried out on plant pathogenic fungi, oomycete and bacteria, have
shown that copper nanoparticles can enhance the effect of commercial antimicro-
bial copper formulations and even represent an efficient alternative [28]. Zinc oxide
and magnesium oxide nanoparticles have also demonstrated their effectiveness as
antimicrobials [29–33].

The significant progress made in Biomedicine derived from the use of magnetic
nanoparticles in diagnostic and therapy has opened the doors to their implementation
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in the applications just mentioned. In addition, the capability of magnetic nanoparti-
cles to interact with a magnetic field increases the possibilities for their exploitation.
For instance, in the same way as nanoparticles can act as vehicles for magneti-
cally targeted drug delivery in chemotherapy against cancer [34, 35] they could be
implemented in phytosanitary treatments, for the selective and controlled delivery of
agrochemicals or other biomolecules, or to induce genetic transformations etc. [13].
Also in the analogy with biomedical applications, magnetic nanoparticles could play
a role as MRI contrast agents for plant research. In fact this technique is as well suit-
able for studying the health of a plant in a non-destructive way [36], and has made
possible the study of the modifications of the biophysical parameters of a cucumber
plant as response to environmental changes [37], the changes in the dynamics of the
sap flow [38], or the damage induced by plant parasitic nematodes and soil borne
pathogens on sugar beet plants [39]. Even the localized heating by magnetic hyper-
thermia [40] might be as well a useful treatment in agriculture and agronomy. As
suggested by Pérez de Luque and Rubiales [13], it might be applied to eliminate
parasitic weeds, assuming that nanoparticles are able to accumulate in a specific
plant organ. This could be the case, for example, of tubercles in Orobanche crenata,
where the nanoparticles (administered for example by the roots) would accumulate
due to their sink effect.

As is well known, magnetic nanoparticles can be coated with biocompatible mate-
rials as silica [41, 42], dextran [43], polyvinyl alcohol (PVA) [44], poly(ethylene
glycol) (PEG) [45] etc., which allows modifying the particle surface with a large
number of molecules of biological interest, and therefore broadening the function-
ality of the nanoparticle. The coating can be functionalized with bio-molecules, as
for instance antibodies [46, 47], able to recognize a specific pathogen in a culture or
soil, making the nanoparticle act as a magnetic label for the pathogen to be detected
by a biosensor [17, 18, 48]. The diversity of materials that can be used as coating
and the wide variety of functionalization protocols make the magnetic nanoparticles
very promising tools for plant biology and biotechnology.

In the following sections we will deal with two types of core-shell magnetic
nanoparticles. In the first case, they consist of an iron core coated with
graphite/graphene layers; from here on they will be called carbon-coated
(Fe@C) nanoparticles. The second type is magnetite coated with silica (i.e.,
Fe3O4@SiO2) nanoparticles; this coating, besides being biocompatible, stable and
suitable for the encapsulation of biomolecules, [49] is very easy to be functionalized
with biological moieties [46]. Likewise, the biocompatibility of the Fe@C nanopar-
ticles has been successfully tested in in vitro and in vivo animal models [35, 50,
51]. In particular, the experiments carried out in New Zeeland rabbits have shown
that these nanoparticles, once injected into the animal, can be located in the desired
organ or tissue with the aid of a magnetic field gradient created by an implanted
magnet. In addition, it has been shown that the nanoparticle coating can adsorb and
desorb a chemotherapeutic agent, so they can be used for magnetically driven drug
delivery [35]. These experiments suggest that nanoparticles could also be utilized
in planta, as magnetic carriers of phytosanitary agents, nutrients, enzymes, nucleic
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acids etc. to be concentrated in a specific part or organ of a plant (e.g., where a para-
site or infection is located, or where the nutrients are going to be adsorbed in a more
effective manner, etc. [52]). An advantage of using the Fe@C and the Fe3O4@SiO2

nanoparticles in these applications is the high specific surface area of the coating,
which offers a high load capacity [49, 53]. This could help in the optimization of the
dose to be delivered, without the need of repeating the treatment, which would lead
to more efficient and sustainable agricultural practices and methods.

In any case, taking these ideas to practice requires, among other issues, the study of
the nanoparticle response when a magnetic field gradient is applied to the plant, and
the analysis of their transport and distribution in planta. The experiments conducted
for this purpose are presented in the following sections. They were carried out with
Fe@Cnanoparticles and different type of crops [52, 54, 55], constituting a pioneering
work regarding the use of magnetic nanoparticles in whole alive plants. Next section
also reports what, to our knowledge, is the first study on the interaction between
magnetic nanoparticles and fungal cells. The final objective was to evaluate the
feasibility of new nanotechnology-based strategies for the early detection and control
of pathogenic fungi in plants, crops and soils [48]. The final goal was the design
of a biosensor combining immunological recognition and magnetic detection [17,
18]. In this case, the study was performed with Fe3O4@SiO2 nanoparticles, given
the possibility to functionalize the coating with an antibody that recognized the
pathogenic fungus. The target is Fusarium oxysporum, a soil borne plant pathogen
that infects a vast variety of crops and is the cause of important economic losses [56].
It is also an opportunistic human pathogen and infection can also result in the death
of immunocompromised patients [57]. To date there are neither effective methods
for an early detection of the fungus, nor treatments for a complete elimination. In
the case of F. oxysporum the problem is even more complex, because pathogenic
strains cohabit in the rhizosphere with nonpathogenic strains, leading to biological
control [58]. Therefore, in the present case an adequate functionalization strategy
that ensures the high selectivity and sensitivity in the detection prior to the treatment
is crucial. In addition, a comprehensive study of the behavior of the fungus in the
presence of the nanoparticles, as the one reported here, and a deep knowledge of the
toxicity profile of these nanomaterials are also decisive.

13.2 Penetration and Transport of Magnetic Nanoparticles
in Living Plants

The aim of this work was to visualize the transport of nanoparticles inside living
plants, and also to investigate whether the nanoparticles respond to the application
of magnetic field gradients, with the objective of concentrating them in localized
areas of the plants by the use of small magnets. As mentioned before, the work
described from here on was carried out with whole living plants.
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Fig. 13.1 High
Resolution-TEM images of
Fe@C nanoparticles (left)
and magnification showing
the graphene layers coating
the Fe core (right)

The Fe@C nanoparticles were synthesized in an arc-discharge furnace [50, 59–
61] by amethod based on the previously followed byKrätschmer and coworkers [62].
The nanoparticles are produced by the sublimation and subsequent condensation of
the starting materials (iron micrometric powder inside a graphite rod) when the elec-
tric arc ionizes the helium gas in the furnace chamber. The sublimation of graphite
and iron produces a soot that, when condensed, deposits on the chamber walls. This
soot was analyzed by X-ray diffraction (XRD). According to the XRD spectrum this
powder contains mainly α-Fe, and some small traces of magnetite/maghemite. A
more detailed characterization was carried out by Transmission ElectronMicroscopy
(TEM) [50, 59, 61]. TEM images showed that the obtained black powder contained
a variety of carbon nanostructures, including carbon onions, some nanotubes, amor-
phous carbon and a large proportion of iron/iron oxide nanoparticles encapsulated
in graphene/graphite layers, as the ones displayed in Fig. 13.1.

The size of the nanoparticles ranged between 5 and 50 nm, with the size distribu-
tion center at 10 nm. The TEM images showed as well that the soot contained a small
amount of non-coated or partially coated metallic particles. These are not biocom-
patible and therefore had to be eliminated from the sample by chemical etching [35,
61]. To increase the concentration of magnetic nanoparticles in the final sample,
a magnetic purification of the powder was carried out to eliminate the amorphous
carbon and all those carbon structures not containing any magnetic nanoparticle.
For this purpose, particles were suspended in distilled water and the separation was
carried out by placing the suspension in a magnetic field gradient produced by 3kOe
permanent magnet [35]. After drying the fraction containing the magnetic nanoparti-
cles these were suspended in two different biocompatible fluids, keeping the suspen-
sion in an ultrasonic bath for several minutes. A suspension was prepared with gela-
fundin, as this a biocompatible commercial succinated gel had been already tested
in the above mentioned in vivo experiments with New Zeeland rabbits [35] and mice
[51]. The other suspension was prepared with mannitol, a solution commonly used
in experiments with plants [63]. These biocompatible magnetic fluids were subse-
quently administered to the plants, which represents an alternative to other methods
used when working with plants [2, 3, 64]. To study the possible differences in the
translocation and accumulation of the nanoparticles inside the plant, three different
administration methods were tested: by injection, by spraying and by immersing the
plant roots directly into the nanoparticle solution.
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13.2.1 Nanoparticle Application by Injection

These experiments were carried out on living pumpkin plants and with the Fe@C
nanoparticles suspended in gelafundine. The pumpkin plants were selected because
of the large size of their vessels, to make the transport of the nanoparticles through
the vascular system easier. Plants were grown as described in [52, 54, 63]. In a
first series of experiments, the biocompatible magnetic fluid was injected inside the
internal cavity of a leaf petiole (see Fig. 13.2 left), on the assumption that it would
penetrate into the plant and translocate to other areas through the vascular tissues.
To check if after injection it was possible to concentrate the nanoparticles in certain
regions of the plant, permanent magnets (in the form of small discs about 5 mm
diameter) were placed on the leaf petiole opposite to the injection point and on the
roots, as shown in Fig. 13.2 left [52, 54]. On the right, the figure shows as well
an optical micrograph of the transverse section of a pumpkin stem, with the main
structural elements.

Plant tissue samples were collected 24, 48, 72 and 168 h after the injection of the
magnetic fluid and processed for microscopy analysis. Tissue was cut from the stem
and leaf petiole at the injection point. Roots and petiole samples were collected at
the point of magnets localization but also before and after the magnet position (i.e.,
facing the expected movement of the nanoparticles from the injection point through
the vascular tissue towards the magnet). The collected samples were observed using
light microscopy, under a confocal laser scanning microscope and by TEM. Details
on sample processing and observing protocols for the respective methods can be
found in [52, 54].

Fig. 13.2 Scheme showing the nanoparticle suspension injection point and the magnet positions
(left). Optical micrograph of a pumpkin stem transversal section (right); VC stands for the vascular
core, Ep for the epidermis and PC for the pit cavity. Reprinted by permission from Springer Nature
Customer ServiceCentreGmbH: SpringerNatureBMCPlant BiologyNanoparticle Penetration and
transport in living pumpkin plants: in situ subcellular identification, Corredor et al. [54]. Copyright
© 2009. https://doi.org/10.1186/1471-2229-9-45

https://doi.org/10.1186/1471-2229-9-45
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To assesswhether the nanoparticleswould penetrate into the living plant and travel
through the vascular system to the places where the magnets were located hand-cut
sections of petioles and roots were observed on a light microscope. Figure 13.3
shows the images corresponding to sections of petioles (upper row) and of roots
(lower row), taken at the injection point (a), before the position of the magnet (d), at
the magnet point (b and e) and after the magnet position (c and f). The dark colored
areas correspond to the accumulation of the nanoparticles suspension. Figure 13.3a
shows a detail of the vascular tissue (vc in Fig. 13.2 right) at the application point
where nanoparticles penetrated. They further moved to other parts of the plant and
themagnets concentrated the fluid in the vascular tissues adjacent to their localization
in the petiole (Fig. 13.3b) and roots (Fig. 13.3d, e). By comparison, images taken in
vascular areas opposite to the magnet point of the same sections (Fig. 13.3c) or in
samples located after the magnet position (Fig. 13.3f) display almost no black color,
indicating that the nanoparticles in the fluid are trapped by the magnet and they do
not travel further.

Fig. 13.3 Light microscopy images of vascular tissue of the petiole cut a at the application point;
b adjacent to a magnet; c opposite to a magnet. Light microscopy images of vascular tissue of the
root tissue cut d before the position of the magnet; e at the position of the magnet; f behind the
magnet. Printed by permission from Oxford University Press Annals of Botany Nanoparticles as
Smart Treatment-delivery Systems in Plants: assessment of different techniques of Microscopy for
their Visualization in Plant Tissues, González-Melendi et al. [52]. Copyright © 2007 https://doi.
org/10.1093/aob/mcm283

https://doi.org/10.1093/aob/mcm283
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Tissue sections were also imaged by confocal and fluorescence microscopies.
Despite the fact that the size of the nanoparticles is below the resolution limit of the
light microscope, nanoparticle aggregates were clearly visualized by the differential
interference contrast (DIC) or Nomarski technique on a projection of a 3D confocal
stacks, and also in reflection mode. Figure 13.4a shows nanoparticles inside a cell
of the cortex next to the internal hollow of the petiole just before the position of the
magnet, 72 h after the injection. The image corresponds to the overlay of the respec-
tive images taken in Nomarski and reflection modes. On the contrary, no particles
were observed in images from the untreated plant used as controls. Nanoparticles
were also detected in the cell wall of the xylem vessel cells. This cell wall is naturally
auto-fluorescent due to the lignin as its major component. Due to their black color
(because their graphitic shell) the Fe@C nanoparticles are very suitable for working
with plant tissues, as they can be easily identified in bright field images (as the one
in Fig. 13.4b), and also be seen as non-auto-fluorescent dots in the cell wall, like in
Fig. 13.4c.

Some samples were studied by light microscopy, and then the same regions were
analyzed by TEM. Unlike in the control samples, aggregates of nanoparticles were
detected at the injection site 24 h after administration, in the epidermis and in the
extracellular space in between cells of the epidermal layer, on a light microscope
under phase contrast (Fig. 13.5a). Electronmicroscopy correlative analysis displayed
several nanoparticle aggregates (marked by asterisks in Fig. 13.5b) that would corre-
spond to those previously detected by lightmicroscopy. Increasing themagnification,
individual nanoparticles couldbe clearly visualized (Fig. 13.5c), tomeasure their size.
The diameter of the biggest particles is around 50 nm, although they represent the

Fig. 13.4 Nanoparticles (pointed by arrows) in a projection of 3-D confocal stacks of a cell of
a plant stem at the position of the magnet, 72 h after the suspension injection a. Nanoparticles
(pointed by arrows) in a confocal bright-field image b and in a fluorescence microscope image c
of a section of plant tissue. Printed by permission from Oxford University Press Annals of Botany
Nanoparticles as Smart Treatment-delivery Systems in Plants: assessment of different techniques
of Microscopy for their Visualization in Plant Tissues, González-Melendi et al. [52]. Copyright ©
2007. https://doi.org/10.1093/aob/mcm283

https://doi.org/10.1093/aob/mcm283
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Fig. 13.5 a Phase contrast light microscope image of a string of nanoparticles (pointed by arrows)
along the cells on the outer side of the cell wall at the epidermis. b TEM image of nanoparticle
aggregates, markedwith asterisks. c TEMmagnification of the aggregatemarkedwith two asterisks.
in b The same Scale bars: 50 μm, 5 μm and 0.1 μm, respectively. Printed by permission from
Oxford University Press Annals of Botany Nanoparticles as Smart Treatment-delivery Systems in
Plants: assessment of different techniques of Microscopy for their Visualization in Plant Tissues,
González-Melendi et al. Copyright © 2007. https://doi.org/10.1093/aob/mcm283

smallest population. The majority of the observed nanoparticles has a diameter equal
or below 10 nm. In solution, these nanoparticles form aggregates with a diameter
ranging from 5 to 200 nm [61]. The fact that no particles bigger than 50 nm were
detected in the plant tissues suggest a size selection mechanism (maybe due to the
cell walls and waxes), although more studies are necessary to clarify the nanopar-
ticles penetration mechanisms in their movement to and through the plant vascular
system.

The observation of all the samples taken from different points of the plant and at
different time intervals, suggests that the nanoparticles move from the point of appli-
cation progressively penetrating the different tissues of the plant. Analyzing samples
taken near the application point, aggregates of nanoparticles were detected in the
internal wall of the pit cavity (see Fig. 13.2 right) at the point of administration 24 h
after injection, and 48 h after administration these nanoparticles had migrated into
the stem parenchima. It is significant that these aggregates appeared in adjacent cells
forming chains (with 2–5 cells) between the vascular cores and radially oriented to
the stem surface, suggesting than the nanoparticles move from cell to cell. It seems
unlikely that in this movement the aggregates of nanoparticles enter directly into
cytoplasm; therefore, it is most likely that the nanoparticles enter individually, and
aggregate spontaneously once inside the cell. Some aggregates were also visualized
in the extracellular space between cells. Results also showed the presence of nanopar-
ticles in the outer surface of the plant, both inside and outside of the trichomes, 24 h
after application. This fact indicates that at least part of the nanoparticle suspension
was expelled in a short time, as if the plant got rid of the excess of nanoparticles,
maybe as a kind of detoxification mechanism. At 48 h nanoparticle aggregates were

https://doi.org/10.1093/aob/mcm283
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also observed inside the xylem vessels. After 168 h there were almost no nanopar-
ticles, neither in the pit cavity, nor in the tissues of the stem near the point of appli-
cation. TEM analysis of samples collected 48 h after the administration, close to the
magnets placed far from the point of injection, revealed the presence of individual
nanoparticles in the cytoplasm of cells close to the vascular system. Nanoparticles
were also observed inside the xylem vessels, suggesting that the nanoparticles use
them for travelling long distances inside the plant. The microscopy study carried
out in the different samples allowed also to analyze the structure of the cytoplasm.
A dense cytoplasm with starch-containing organelles was observed in those cells
collected 24 h after injection, with nanoparticle aggregates in the cytosol. However
these starch structures were neither detected in adjacent cells without nanoparticles,
nor in the cytoplasm of cells in tissues collected far from the application point 48 h
later, containing individual nanoparticles. This fact suggests that these changes in
their subcellular organization could be a plant response to the presence of a high
density of nanoparticles. Cytotoxicity has been associated with the dose of nanopar-
ticles [65], in particular with those in a magnetic ferrofluid [66–68]. However, only
with our experiments it is not possible to assess if the observed reaction to the Fe@C
nanoparticles is specific of the plant cells, or is a common cell reaction to high
nanoparticle concentrations in the cytoplasm. Moreover, an effect of the calcium in
the gelafundine inwhich nanoparticles are suspended cannot be completely excluded.

13.2.2 Nanoparticle Application by Spray

This methodology was chosen because is more similar to that used by agronomists
in cultivated plants, for example for phytosanitary control. The experiments were as
well carried out on livingpumpkin plants andwith theFe@Cnanoparticles suspended
in gelafundine [52]. Drops of nanoparticle suspension were sprayed of the surface
of leaves close to the insertion of the petiole. Tissue samples (close and far from
the application point) were also collected 24, 48 and 168 h after spraying. In this
case, nanoparticles were only observed in samples taken 168 h after application.
It was not possible to distinguish any nanoparticle aggregates by light microscopy,
and the nanoparticles were only visible in TEM images of cells from the epidermis
of the petiole close to the application point. Moreover, there were no nanoparticles
in cells beyond the first epidermal layer. In these cells the nanoparticles appeared
isolated, not in aggregates. There was no difference between the intracellular struc-
ture density observed in those cells with nanoparticles and in the neighboring cells
without nanoparticles in their cytoplasm. As the epidermic outer cell wall has a
considerable thickness and is covered by protective waxes, it is quite likely that the
nanoparticles penetrate through the stomata and the subestomatic chambers. In fact,
this is a route used by pathogens of different species [69, 70]. The fact that nanoparti-
cles passed through the epidermal cell wall opens up the possible application of these
nanotechnology tools for agronomical purposes. However, these results should be
taken as preliminary. For example, the fact that the amount of nanoparticles found in
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the tissue samples was less than that found when applying the nanoparticles by injec-
tion, raises the need to optimize the suspension of nanoparticles, testing for example
other biocompatible liquid carriers, functionalized nanoparticles for a higher affinity
with the leave tissues etc.

13.2.3 Nanoparticle Application by the Roots

The study on the nanoparticle absorption and translocation was extended to the case
in which the nanoparticles penetrate through the roots into the plant. In this case no
magnetswere used, to study the freemovement of the nanoparticles inside the plant.A
comparative analysis was carried out in four living crop plants belonging to different
families, to unveil whether there were differences regarding the transport routes, the
organs and tissues where nanoparticles tend to accumulate. This research was carried
out on sunflower (Helianthus annuus) from the family Compositae; tomato (Lycop-
ersicum sculentum) from the Solanaceae; pea (Pisum sativum), from the Fabaceae;
and wheat (Triticum aestivum), from the Triticeae [55]. In this case, the plants were
grown in vitro using a Petri dish system (rhizotron) allowing the visualization of
the roots [71]. A biocompatible magnetic fluid was prepared suspending the Fe@C
nanoparticles in manitol solution (1%). Once the plants developed the second pair of
leaves some of the roots were immersed in the suspension (see Fig. 13.6a). Tissues

Fig. 13.6 Scheme of the plant showing the nanoparticle administration procedure and the tissue
sections for microscopy analysis. a Root longitudinal sections of pea b and sunflower. c Samples
were taken 24 h after nanoparticle administration. Arrows point to nanoparticle accumulations.
Symbols # and * indicate cells from the parenchyma (p) and from the xylem (x), respectively. Scale
bars are 25 μm in b and 50 μm in (c). Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature Journal of Nanobiotechnology Absorption and traslocation
to the aerial part of magnetic carbon-coated nanoparticles through the root of different crop plants
Cifuentes et al. [55]. Copyright © 2010. https://doi.org/10.1186/1477-3155-8-26

https://doi.org/10.1186/1477-3155-8-26
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from different parts of the plants were taken after 24 and 48 h, from the sections
drawn in (Fig. 13.6a, and fixed for conventional light microscope analysis.

Big amounts of nanoparticles (in the form of a black staining corresponding to
nanoparticle aggregates) were observed in samples of root tissue collected after 24 h
(see Fig. 13.6b, c). These observations led to the conclusion that nanoparticle appli-
cation by immersing the roots into the nanoparticle solution is faster, more reliable
and efficient (in terms of the amount of nanoparticles) than application by pulver-
ization or injection [52, 54]. This conclusion is common to the four crops analyzed
in this study. Although in all cases nanoparticles were easily detected in the xylem
vessels, some differences were observed depending on the species. Pea roots accu-
mulated higher contents of nanoparticles than sunflower or wheat, for example. This
difference still remained after 48 h of exposure to the nanoparticle fluid, suggesting
that pea roots could be more permeable to nanoparticle penetration. Looking for
the presence of nanoparticles in roots not exposed directly to the suspension, the
characteristic black deposit was detected within the central cylinder of roots located
diametrically opposite to the treated roots. Therefore, the nanoparticles had moved
there probably through the phloem and using the source-sink pressure gradient [72].
This is also in good agreement with the observations in pumpkin plants with respect
to the radial transport of nanoparticles from cell to cell [52, 54].

The translocation of the nanoparticles into the aerial parts of the plant was also
studied, taking tissue samples from the plant crown 24 and 48 h after nanoparticle
application. After 24 h the black deposit was observed in the xylem vessels of the
four crops as shown in Fig. 13.7a–d, which means that the nanoparticles had quickly
moved most likely by the transpiration stream.

As in the case of the roots, there were differences between species. Pea and wheat
showed a high concentration of nanoparticles in the vascular tissues of the crown,
whereas the black staining was less intense in tomato and sunflower. In the case of
sunflower, it seems that the nanoparticle uptake through the roots is much slower
than in the other species, and for that reason there is a lower accumulation after
24 h of nanoparticle treatment. In addition, in this case the nanoparticle suspension
seems to be more restricted to the vascular tissues than in the other species. The
observation of subsequent upper part sections confirmed that nanoparticles reached
most of them also after 24 h of exposure to the suspension. The samples taken 48 h
after nanoparticle application (see Fig. 13.7e–j) showed no significant differences
from crop to crop, as an intense accumulation of nanoparticles was detected in all the
cases. According to the microscopy analysis, the nanoparticles moved also towards
the leaves and leaf petioles. Another striking result is that large accumulations of
nanoparticles were detected in the leaf trichomes of the wheat plants, but not in the
other three crop species. As mentioned in previous sections, the same was observed
in pumpkin plants [52, 54], although not in such a high amount. This fact would
confirm the secretory function of the trichomes [73], being this a putative detoxifying
pathway. Different behavior regarding accumulation and excretion of heavy metals
has been reported for different plant species [74], suggesting that such differences can
also be found when working with metal nanoparticles. The reasons for the observed
differences between crops are unclear, but they should be related to the physiology
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Fig. 13.7 Tissues from the crown of pea a, sunflower b, tomato c and wheat d cut 24 h after
suspension administration. Detail of the first internode cross section of pea e, sunflower f and
tomato g 48 h after suspension administration. Detail of the second internode cross section of
pea h, sunflower i and wheat j 48 h after suspension administration. Scale bars in images (a)-i
correspond to 100 μm; scale bar in images j corresponds to 50 μm. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature Journal of Nanobiotechnology
Absorption and traslocation to the aerial part of magnetic carbon-coated nanoparticles through the
root of different crop plants Cifuentes et al. [55]. Copyright © 2010. https://doi.org/10.1186/1477-
3155-8-26

of the plants: wheat belongs to the monocot plant group, whereas the other three
crops are dicots.

Therefore, these results and those obtained in pumpkin plants have shown that
biocompatible nanoparticle suspensions can be administered to whole living plants,
can circulate through their vascular system, either by themselves or by applying
magnetic field gradients, and can also be located on specific places, from the root
to the aerial parts. The study carried out by different microscopy techniques has
allowed the accurate visualization of nanoparticles in tissues and cells. However,
more detailed studies at cell level, including HR-TEM, are necessary to clarify the
mechanisms by which nanoparticles can penetrate into the plant cells, as this is
currently a controversial subject. In addition, special attention has to be paid to
toxicity studies. In the work with pumpkin plants, some of the specimens treated
with nanoparticles were transplanted to pots where they continued to grow, and no
damagewas observed. However, these results should be viewedwith caution because
it has been reported that in in vitro treatments [66–68], nanoparticles may cause some

https://doi.org/10.1186/1477-3155-8-26
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local damage at cell level. Moreover, as cyto- and phyto-toxicity are dose-dependent,
they cannot be discarded in case of treatments with more concentrated nanoparticle
suspensions.

13.3 Interaction of Silica Coated Magnetic Nanoparticles
with Pathogenic Fungi

In this section, the study of the interaction between silica coated iron oxide
(Fe3O4@SiO2) nanoparticles and fungal cells is presented, paying attention to the
affinity and internalization of the particles by hyphal cells, and to their toxicity [48].

The core-shell nanoparticles were synthesized in two steps. First, the magnetite
core was synthesized by coprecipitation, as described in De Matteis et al. [75].
According to the X-ray diffraction pattern and HR-TEM images of the synthesized
powders, the nanoparticles were mainly composed by magnetite and only in some
batches a small fraction of maghemite was detected. The particles were subsequently
coated with an aminated silica shell and functionalized with protein G following
the protocols reported in [47]. The diameter of the silica-coated nanoparticles was
about 50–100 nm. The protein G on the surface was afterwards conjugated to Alex-
aFluor488, to visualize the nanoparticles by confocalmicroscopywhen studying their
interaction with the Fusarium. In addition, when the nanoparticles were going to be
used for sensing purposes, the protein G would easily allow their further conjugation
with the biomolecule that specifically recognizes the pathogenic fungus [47]. All the
experiments described fromhere onwere carried out onF. oxysporum forma specialis
lycopersici. The fungal strain was stored as microconidial suspension in 30% glyc-
erol at−80 °C. For microconidia production, cultures were grown in potato dextrose
broth [48].

13.3.1 Internalization of Fe3O4@SiO2 Nanoparticles
by Fungal Cells

First of all, the affinity between the Fe3O4@SiO2 nanoparticles and the fungus was
studied. With this purpose, turbidity (or relative absorbance) measurements were
performed on conidial suspensions incubated with magnetic nanoparticles, after
different incubation times. In all the cases, 5 × 106 microconidia were grown for
16 h at 28 °C under agitation at 170 rpm in 1 mL of minimum medium (MM)
[76]. The measurements were performed after long-term and short-term incubation
experiments. In the first case the conidia were grown in MM supplemented with
nanoparticles at 200 μg ml−1. In short-term incubation experiments, conidia were
grown in the absence of nanoparticles. They were added to the MM after 16 h of
conidia growth and incubated there for 5 s, 15 min and 30 min. After incubation with
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the nanoparticles, the suspensions were filtered to remove nanoparticles not internal-
ized/not attached in/to the conidia, and the filtrate was resuspended in new freshMM.
This suspension was introduced in a magnetic separator, and kept under the action of
the magnetic field for 1, 3 and 5 min. At these times, an aliquot of the medium was
taken for turbidity measurements. All those fungi attached to the magnetic nanopar-
ticles were going to be trapped by the magnet, decreasing the conidia concentration
in the aliquot, and consequently, decreasing its turbidity. The optical density of this
aliquot was measured at 600 nm (A600), and compared with the absorbance of a
control sample (a sample not introduced in the magnetic separator). The reduction in
absorbance was correlated with the nanoparticle attachment/internalization in/to the
fungus. After long-term incubation with magnetic nanoparticles, the conidia were
attracted by the magnet as early as 1 min after being introduced in the magnetic
separator, and the turbidity of the medium was reduced dramatically, confirming the
attachment of the nanoparticles to the hyphae. The long-term incubation experiments
were also performed with the Fe3O4@SiO2 nanoparticles after their functionaliza-
tion with protein G, to verify whether the protein influenced the fungus-nanoparticle
interaction. In fact, the functionalization of the nanoparticle surface delayed the
particle movement towards the magnet, although a turbidity decrease similar to that
observed whenworking with the non-functionalized nanoparticles was detected after
5 min. Short-term incubation experiments were also performed incubating the grown
conidia with functionalized and non-functionalized Fe3O4@SiO2 nanoparticles. The
turbidity measurements were carried out following the protocol described above for
long term experiments. A drastic reduction of the turbidity was observed after incu-
bating fungal conidia with both functionalized and non-functionalized nanoparticles
for as short as 5 s. These results evidence the high affinity of the functionalized and
non-functionalized Fe3O4@SiO2 nanoparticles for the fungal hyphae.

In order to investigate whether the nanoparticles were able to penetrate the fungal
hypha or remained attached to its surface, visible, confocal and transmission electron
(TEM) microscopies on conidia cultures after long-term and short-term incubation
with Fe3O4@SiO2 nanoparticles were carried out. For these studies, 5× 106 conidia
were grown for 16 h at 28 °C under agitation at 170 rpm in 1ml ofMM. For long-term
studies, 200 μg ml−1 of nanoparticle suspension was added at the time of fungus
inoculation, while for short-term studies the nanoparticles were added to MM after
16 h growth and incubated for either 10 min or 3 h before visualization. First of all,
confocal images of thin time-course confocal optical sections (~1 μm thick) were
acquired. Details about the microscope and the instrumental conditions can be found
in [48]. The results are displayed in Fig. 13.8. After 10 min of incubation, fluores-
cent Fe3O4@SiO2 nanoparticle aggregates attached to the fungal hyphal surfaces
were clearly seen (pointed by an arrow head at visible field and stack projection in
Fig. 13.8a). However, theses aggregates did not penetrate the fungal hyphae since
3D optical sections showed a clear signal only for the largest aggregates attached
to the hypha. Although the penetration of non-aggregated nanoparticles could not
be inferred from the confocal images, it cannot be discarded. After 16 h of incuba-
tion, nanoparticle aggregates were still visible and attached on the hyphal surface,
although they were smaller than those attached after 10min incubation, and no signal
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Fig. 13.8 Visible and confocal micrographs of overview images (stack projections) and the trans-
verse optical section of F. oxysporum incubated with Fe3O4@SiO2 nanoparticles for 10 min a,
and 16 h b, and of the filtered sample re-suspended for 4 h in fresh MM c. The orientation of the
images is indicated by lower case letters, for ease of understanding. T plane of the section shown
in the 3D images is indicated by the green hurdle in the overview. Scale bars correspond to 10 μm.
Reprinted with permission from Rispail et al. [48]. https://doi.org/10.1021/am501029gCopyright
© 2014 American Chemical Society

was observed in the 3D optical sections (Fig. 13.8b). The eventual detachment of the
nanoparticles from the fungal cells was also studied. With this purpose 16 h conidial
suspensions already incubated with nanoparticles were filtered through a 0.45 μm
filter to remove all the nanoparticles that could be in the medium, not attached to
the hypha. The filtered sample was re-suspended in sterile MM for 4 h at 28 °C.
Confocal images taken afterwards (Fig. 13.8c, arrow heads) showed that after 4 h
some aggregates remained in the hypha, although some of them detached and were
suspended in de medium.

https://doi.org/10.1021/am501029g
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Fig. 13.9 BF-TEM image showing a detail of a F. oxysporum hypha a and a detail of the hyphal
septum. b Arrows point to nanoparticles in the septum. Scale bars correspond to 0.5 μm. Adapted
with permission from Rispail et al. [48]. https://doi.org/10.1021/am501029g. Copyright 2014
American Chemical Society

The confocal microscopy study was completed by TEM and Scanning Trans-
mission Electron Microscopy-High Angle Annular Dark Field (STEM-HAADF)
observation in a Tecnai F30 (FEI), operated at 300 kV. Samples were carefully
prepared following cryo-TEM protocols [48]. Bright field (BF)-TEM images taken
after 16 h incubation showed a range of small to medium aggregates corresponding
to the Fe3O4@SiO2 nanoparticles attached to the fungal surface and some individual
nanoparticles moving through the fungal cell wall, as shown in Fig. 13.9a. Careful
observations near to the fungal septum (see Fig. 13.9b) suggested that few individual
nanoparticles (pointed by arrows in the figure) could enter the fungal cells. This
assumption was also supported by focal series of STEM-HAADF images.

The chemical composition of the aggregates was analyzed by STEM-HAADF
(see Fig. 13.10a, b) and Dispersive X-Ray Spectroscopy (EDS). The EDS spectra as
the ones presented in Fig. 13.10c, d confirmed that the nanoparticles consist of an
iron oxide core coated by a SiO2 shell.

The fact that only a small fraction of individual nanoparticles penetrated the fungal
cells whereas a large fraction of particles remain attached to the hypha coincides with
the results obtained by confocal microscopy. This makes a difference with other
nanomaterials, such as quantum dots. A similar study carried out in the same forma
specialis of F. oxysporum indicated that quantum dots penetrate in a much larger
amount into the cell [48]. As cellular uptake is closely related to the physicochemical
properties of the nanosized objects, the different behavior of the quantum dots and
the Fe3O4@SiO2 nanoparticles in this study could be due to the different size of
both nanomaterials (13–15 nm in the case of quantum dots versus 50–100 nm in
the case of nanoparticles). In addition, although both nanomaterials were incubated
together with the fungal conidia in MM at the same pH, their respective surface
charge was different (approximately -35 mV in the case of quantum dots and about
+25 mV the one of the nanoparticles). This different sign would determine the
interaction with the proteins of the fungal cell wall characteristic of hyphal cells. The

https://doi.org/10.1021/am501029g
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Fig. 13.10 STEM-HAADF images of a Fe3O4@SiO2 nanoparticle aggregate adhered to a fungal
hypha a and of a nanoparticle b. Here the o1 and o2 spots correspond to the EDS spectra shown in
c and d. Scale bars in a and b represent 100 and 20 nm, respectively. Reprinted with permission
fromRispail et al. [48]. https://doi.org/10.1021/am501029g. Copyright © 2014American Chemical
Society

outer layer of the cell wall of F. oxysporum is enriched in glycoproteins [77]. Since
the glycoproteins are negatively charged, they will attract the positively charged
nanoparticles by electrostatic interactions. This would favor the formation of the
observed large nanoparticle aggregates, large enough to be observed in the confocal
and even visible field. This large size might as well hamper their uptake. In addition,
the images taken after the longest incubation periods showed that the number of
aggregates decreased with time. This fact could be ascribed to the increase in the
acidification of the incubation medium during F. oxysporum growth [78], that might
increase the nanoparticle surface charge and in turn improve the stability of the
isolated nanoparticles.

https://doi.org/10.1021/am501029g
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13.3.2 Fe3O4@SiO2 Nanoparticle Toxicity on F. Oxysporum
Hyphal Cells

The experiments performed to outline the toxicity profile of the synthesized
Fe3O4@SiO2 nanoparticles included colony growth assessment, the study of the
reactive oxygen species (ROS) accumulation and oxidative stress, and the study of
the fungal cell viability. In each case microconidia were grown inMM supplemented
with nanoparticle concentrations equal to 25, 50, 100 and 500 μg ml−1. The results
demonstrated the low toxicity of the nanoparticles to these forma specialis, even at
the highest nanoparticle concentration.

The experiments described above show that, although the fraction of Fe3O4@SiO2

nanoparticles that penetrate the hypha is not very large, they remain as magnetic
aggregates adhered to the fungus surface, which is already enough to be separated
magnetically and to be detected by the magnetic reader of a biosensor. In addi-
tion, these nanoparticles in usual working doses are per se not toxic, so in principle
they are not harmful to other non-pathogenic/beneficial fungi that may exist in the
environment. This research constitutes the stage before the functionalization of the
nanoparticles for the detection of the pathogen and also paves the way for the search
of other biomolecules or active principles that could also be housed on the nanopar-
ticle surface. This would result in multifunctional nanoparticles that could be used
not only for detection, but also for the selective control and eventual elimination of
the pathogenic fungus.

13.4 Summary and Persperctives

The work presented here evidences that magnetic nanoparticles are very attractive
nanomaterials to be considered in research related to Life Sciences areas different
from those more explored up to now, as the ones directly connected to Bio-medicine.
The results presented here show how these nanosystems can be very useful, first of
all, for basic research, to study the fundamental problems concerning their interaction
with plants and microorganisms. In addition, these studies open the way to solve a
large list of practical problems in agriculture, agronomy, environment, biotechnology,
food industry, etc., which in the short and/or long term also influence health, quality
of life and global welfare.

The work carried out with the Fe@C nanoparticles has shown that these nanopar-
ticles are very appropriate for in-planta application and for plant cell research. First,
because they are suitable for the synthesis of different biocompatible magnetic fluids
easy to administer to living whole plants by different routes (injection, spray and
immersion of the roots in the fluid). Second, they have an adequate response to
magnetic field gradients. This characteristic, together with the high porosity and
high specific surface area of their coating makes them very appropriate as magneti-
cally responsive carriers for the localized delivery of different chemical substances,
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such as those used in phytosanitary treatments, for pest control, etc. Although there
are still many problems to be solved for their large-scale use, the work presented here
can help in preliminary studies at laboratory scale (for instance, in those necessary for
the optimization of the routes and doses to be administered in a specific treatment).
Regarding their use in the laboratory, the Fe@C nanoparticles have been found as
very convenient when working with plants and plant cells, as they are very easy to be
visualized (without the need of any extra marker) by the microscopy techniques and
protocols that have been developed during the execution of the different experiments.
Therefore, the Fe@C magnetic nanoparticles can be of great help in elucidating the
penetration mechanisms and the localization of the nanoparticles into the cell (for
instance, by HR-TEM experiments) as well as the cell response to the nanocarriers.
These topics are currently under discussion and are of great importance from the
point of view of both basic and applied research (for example for the case of genetic
engineering). Moreover, cell viability and cytotoxicity assays as well as the study of
the relationship between cytotoxicity and phytotoxicity are of paramount importance
prior their use in practice.

The use of magnetic nanoparticles coated with silica is much more exploited
than that of the other magnetic nanoparticles. Their widespread implementation in
biomedical applications has stimulated the rapid growth that their utilization in areas
such as biotechnology, agriculture and agronomy is currently experiencing. The
previous section summarizes what constitutes a systematic study of the interaction
of Fe3O4@SiO2 nanoparticles with a fungus that in one of its forma specialis is
a plant pathogen and even an opportunistic human pathogen. One aspect that this
work has highlighted is the importance of the physicochemical properties of the
nanoparticles that have to be precisely tuned for each particular application. In this
particular case, the size of the nanoparticles and their electrical charge has been
determinant for their application in a biosensor that detects and allows the separa-
tion of the pathogenic fungus from infected soils, plants and crops. In particular,
the different sign of the charge of the fungal cell wall of these hyphal cells and that
of the silica coating causes the nanoparticles to be located in the form of relatively
large magnetic aggregates on the fungal hypha. This has turned out to be decisive
for the development of the future device, facilitating the detection and subsequent
magnetic separation of the pathogen. Therefore, in the same way as for a given cell
model it is necessary to know the toxicity profile of a particular nanomaterial, an
exhaustive characterization of the physicochemical properties of this nanomaterial is
also essential. At present, nanotechnology offers us advanced characterization tech-
niques (which include magnetic characterization techniques, advanced microscopy,
different spectroscopies etc.) that are more and more intended for the characteri-
zation of materials of biological interest, as well as biomaterials. In addition, the
methodology and protocols developed for the case of the silica coated nanoparticles
interacting with Fusarium oxisporum might then be implemented in the detection
and control of other pathogens and pests, which would have a major impact on areas
such as agronomy and agriculture, food industry etc. Moreover, this study could be
extended to other fungi that are or can become pathogenic for humans, as for example
those of Candida genus. Just as the resistance to antibiotics developed by bacteria
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is a serious problem and is the cause of many deaths, certain pathogenic fungi have
also become resistant to antifungals, and hence, there are fewer and fewer effec-
tive treatments. This opens a wide research field, and the fact that Nanoscience and
Nanotechnology could contribute to finding solutions for their treatment and defini-
tive elimination would represent a great benefit for the patient health In addition, the
treatment of hospital acquired infections represents one of the highest costs of the
health system and therefore, the solution to these problems would be enormously
beneficial, also from the economic point of view.

When working with nanoparticles for applications as the ones discussed here,
that involve plants and microorganisms present in our environment, it is essential
to keep in mind that particles could in principle enter the food chain of animals
and humans, with the consequent health impact. Therefore, before putting these
ideas into practice, an exhaustive assessment of the nanoparticle fate is necessary,
studying their degradability, their accumulation in fruits, seeds, roots, etc., and their
possible excretion and effects on soils. Rigorous toxicity and ecotoxicity studies,
leading to standardized nanorisk assessment protocols are mandatory. All this will
contribute to improving the public perception of these new advances, and making
people more confident about the use of new products based on nanotechnology.
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