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Nanoparticles: Synthesis, properties and their interactions with
plants and plant interfaces

Abstract

Similarly, as the rapid development of genetics during the end of the 20" century, did
nano research, also change the way we see and make things. Perhaps it was not a
coincidence, genetics, is indeed, a nano phenomenon. As our understanding of the
physics and chemistry at the nanoscale has changed, our understanding of biology has
improved and fields such as quantum biology has emerged. Because, it is within this
certain size range, where giant molecules and tiny materials meet at the edge of
quantum physics, that properties radically change. It has become evident, how little we
know about what is happening at this scale and how important it is that we learn. This
thesis, is but a small scratch on the surface of the investigation of nanomaterial
interaction with biological organisms and systems. A small selection of some of the
most common inorganic nanoparticles have been investigated, for a small set of
properties and interactions.

First, investigations of titanium dioxide nanoparticles and their possible interactions
with microbes in the rhizosphere have been described. How the chemistry of titanium
dioxide affects their nanoparticle interaction with microbes and plants through
phosphonate affinity.

Second, iron oxide nanoparticles and their enzymatic behaviour have been studied.
How these enzymatic properties might have beneficial effect in plants during abiotic
stress, due to large build-up of hydrogen peroxide during such conditions.

Third, calcium carbonate nanoparticle synthesis has been developed. Substantially
changing production of possible sizes of calcite nanoparticles. These particles have then
been studied for their interaction with organic molecules and formation of
nanocomposites for their delivery mechanisms. Further, these particles have been tested
for their effect on aphid infestations on plants and how it might be possible to unleash
plants innate defence mechanisms that aphids otherwise can overcome.
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Dedication

To my father (probably the only one, except supervisors and evaluators, who
will make an effort to go through this heap of cellulose, calcium carbonate and
ink)

“Nobody ever figures out what life is about, and it doesn’t matter. Explore the
world. Nearly everything is really interesting if you go into it deeply enough.
Work as hard and as much as you want on the things you like to do the best.
Don’t think about what you want to be, but what you want to do. Keep up some
sort of minimum on other things so that society doesn’t keep you from doing
anything at all.”

“The first principal is that you must not fool yourself and you are the easiest
person to fool.”

Richard P. Feynman
“If it is not right do not do it; if it is not true do not say it.”

Marcus Aurelius
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1 Introduction

“If T were to take a very tiny thing in
water and expand it to our dimensions. The analogous situation is that it is
swimming in extremely thick honey. The ordinary ways of flapping, like a fish,
of flapping the fins and so on. It doesn’t work. It just goes eh eh and it is stuck.
How do I know then, that | can make tiny machines and that it is possible
according to the laws of physics? (Ironic voice) Because | am a physicist and |
checked the laws of physics, and its ok, | tell you. But | got another way to tell
you, living things have already done it. Bacteria swim. They swim through
water, at the scale that corresponds to thick goo.”

Richard P. Feynman 1979, in the talk he called “tiny machines” the revision of his
seminal talk in 1959, that was called “there is plenty of room at the bottom”

Richard Feynman was one of the earliest advocates of nanoscience. In the
above quote, he vividly illustrates physical differences between things of
different sizes. In terms of chemistry the changes are quite different. The
changes, which can be observed in materials as you go from bulk to nano size,
turns radical and exponential in properties such as surface tension, magnetism,
electron conductivity and melting point (Roduner). Nanomaterials are much
more reactive and vivid materials, as compared to their bulk counterparts.
Atoms in bulk materials are compressed and share space to a higher degree.
The space in a nanomaterial is much less occupied allowing for these changes,
in physicochemical properties and reactivity, to appear. The small size also
leads to more surface area and higher surface to volume ratio, i.e. more of and
more reactive surfaces.

One of the most important fields of nanoscience is the development of new
catalysers (Tao and Spivey, Xia et al., 2013). Particularly in the development
of hydrogen fuel cells (Xia et al., 2013). Also, the improvement of chemical
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processing and production of organic compounds are greatly benefitted by
nanomaterials (Sharma et al., 2015a). The development of medicines with
nanomaterials has progressed far and there are already a multitude of products
on the market, mostly in sensor applications and drug delivery (Marchesan and
Prato, 2013, Bobo et al., 2016). Targeted delivery of drugs is a major
discipline, where big advances have been made (Andresen et al., 2010).
Targeted delivery has also become a major goal within agriculture. Targeted
delivery of pesticides can help increase effectivity and reduce plant toxicity
and none target impacts. There has been an incredible amount of praise and
hope for development of nanotechnological advances that would solve the
world’s problem with hunger by revolutionizing agriculture. (Kristen Lyon;
Pandey M.P. ;(Chen and Yada, 2011, Servin et al., 2015). This should be taken
with a pinch of salt, but there is without a doubt a lot already happening and a
lot more to be discovered in the realm of nanotechnology for agriculture, and
this is the topic of this doctoral thesis.

A nanomaterial is defined as a material, with any geometric shape, that has
at least one dimension within 1-100 nm in size. This means, that a hypothetical
thin film, covering the whole of Kiruna municipality, is still a nanomaterial if
the thickness would be below 100 nm. A nanoparticle has all three dimensions
within 1-100 nm. Nanoscience denotes the field of investigation into these
materials and the effects they have. Nanotechnology refers to, mostly, the
development of devices and machines, but also materials, that utilizes these
effects. The term nanotechnology was first coined by Norio Taniguchi at a
conference in 1978 but was not widely recognized until after Eric Drexler’s
book “Engines of Creation: The Coming Era of Nanotechnology” in 1986. His
ideas would today, mostly, fall under the discipline of molecular
nanotechnology, which is concerned with the creation of complex molecular
machines that can perform certain tasks. The 2016 Nobel Prize in chemistry
was awarded to three outstanding scientists in this discipline for ”the design
and synthesis of molecular machines”, shortly after the first world
championship nano car race was announced. One example of application of
molecular machines could be a molecule that could perform specific gene
editing. This is still science fiction (except that nature already created CRISPR
proteins), but it touches upon another field which is very much alive, namely
nanobiotechnology. Nanobiotechnology regards the study of nanomaterials and
their interaction with biological systems to develop, for example, new drugs
with targeted delivery, bio imaging, bio sensors or slow releasing fertilizers.
Since it is a novel field the term is not widely accepted, and it seems more
related to medicine than anything else. So, because of the paramount
importance of food production and the advances of nanomaterial use within
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agriculture, | hereby suggest and here forth will use the term Nano agriculture,
regarding the use of nanoscience for improvement of food production.
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2 Background

After the advent of technologies capable of working on the nanoscale in the
1980s had started nanotechnology and our quest for understanding nanoscopic
size phenomena, we have become aware of nanoparticles” possibilities and
danger. However, it is still a young field of investigation and there are great
gaps in our knowledge about nanoparticles” properties, functions and diversity.
Further, to understand their interaction with biological organisms and
biological systems becomes immensely complex, giving researchers a
formidable task. Here 1 will present some of the current knowledge about
nanoparticles and their interactions with plants.

2.1 Natural occurrence of nanoparticles

There is no doubt that nanoparticles have been around since the beginning.
Evolution of life has occurred in constant contact with nanoparticles and some
think that inorganic nanoparticles has actually been part of creating life, i.e. the
first organic molecules, and even the stars(Strambeanu et al., 2015). In the case
of stars, it is of course a logical inevitability, since the accretion of matter must
go from the very small (sub atomic and atomic) through the medium small
(nano) to the gigantic (micro and macro). Interestingly, natural nanomaterials
have been overlooked, apart from colloid scientist (colloids are according to
IUPAC definition materials with at least on dimension between one nm and
one um), until recently. It was overlooked until the nanotechnology revolution
appeared, and concerns for the nanomaterials inevitable spread in nature was
raised. In that way a new field of geoscience was born (Nature’s
Nanostructures). If one omits the organic nanomaterials one can divide natural
nanomaterials into: Mineral nanoparticles (minerals of Nano size),
nanominerals (minerals found exclusively of Nano size) and amorphous
nanoparticles (Nature’s Nanostructures). It has been found that these
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nanomaterials are an integral and vital part of geochemistry cycles. For
example, atmosphere chemistry is expected to be highly influenced by
nanoparticles (Rubasinghege et al., 2010). For example, TiO2 nanoparticles can
in the atmosphere, with their photocatalytic activity decompose ozone (Nicolas
et al., 2009).

The most frequently attributed terrestrial source of inorganic nanoparticles
is volcanoes and they are the most well-known source of nanoparticles (Tepe
and Bau, 2014). Yet, it is not amply studied and the types of nanoparticles we
can expect, from different types of volcanoes, are very complex and not
recognized. Strambeanu et al. 2015 goes as far as to say: “It must be specified
that most metal and non-metal ores in Earth’s crust were formed throughout the
geological eras, because of volcanic activity. Consequently, any chemical element
existing as such or in one of its combinations may be found in the atmosphere under the
form of nanoparticles during eruptions or immediately after them”. | would prefer a
more cautionary outlook, but surely there is a formidable multitude of different
nanoparticles being produced by volcanic activity.

Aeolian ‘
(Min. dusty Aeolian Aeolian
320 (Volcanoes) 230+6

20+2
T T ‘1‘ Aeolian
9+2
- Rivers l Glacial Sea spray Aeolian
[R— 2 2 81+14
17 Shelf i ﬂ' l
throughput

: — 4n12
AllnumbersinTg=10°g  grosional
All italicized numbers 10
are fluxes (Tg yr'')
Hydrothermal
1

Figure 1. A scheme of estimated amounts of natural nanoparticle distribution in Tg per year.
Reproduced with permission from CRC press.

Terrestrial nanoparticle generation by wind erosion, particularly in deserts,
is even greater in quantity. Hochella et al (2015) has made estimations on the
global cycles of nanoparticle generation in nature and constructed the
schematic image reproduced here as figure 1 (Hochella et al., 2015). The
estimation of 230 Tg of mineral nano dust being brought up into the
atmosphere is an incomprehensible amount of nanoparticles, constantly on the
move around the planet.
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It could be, that Hochella et al. are actually underestimating the global
nanomaterial cycles. In Nature’s Nanostructures Hochella et al. explain their
model and it seems to be focused on geophysical processes while omitting a lot
of the geochemical and biochemical processes. We know that metal
nanoparticles are readily formed from its bulk constituents; Glover R.D. et al.
(2011) has shown that normal copper and silver ware, leave behind traces of its
self in the form of nanoparticles(Glover et al., 2011). At the same time, there is
a large array of inorganic and organic processes and combinations thereof that
can generate nanoparticles, in the bottom up way. All condensation of solids
from solution goes via nucleation through formation of nanoparticles towards
bulk materials. Sharma V.K et al. (2015) have written a good short review that
provides an introduction to these processes in nature (Sharma et al., 2015b).

Although it has been poorly investigated we know that nano-sized particles
of different compounds are formed in soil (Monreal and Schnitzer, 2008,
Fedotov et al., 2009, Fedotov et al., 2008, Fedotov and Rudometkina, 2011). It
is likely that root exudates stand for a substantial part of the formation of these
compounds and particles (Tikhonovich et al., 2011, Seisenbaeva et al., 2013).
It is known that plants release up to 40 % of assimilated carbon into the
rhizosphere as a wide range of different substances (Vranova et al., 2013).
Graystone et al. (1996) made a categorization of root excretion substances,
namely, (1) water soluble low molecular weight substances that are released
by diffusion, (2) high molecular weight substances that can be released against
electrochemical and chemical potential through metabolic processes, (3)
lysates which are cell debris from autolysis, (4) gases such as ethylene and
carbon dioxide (CO2), (5) and mucilage which is composed mainly from
polysaccharides and polygalacturonic acids which are high molecular
substances that form a gelatinous film around the roots (Grayston et al., 1997).
Apart from sustaining and altering the rhizosphere microbial community some
of these excretions have a direct effect on nutrients in soil. Chelators or
siderophores such as mugenoic acid and avenic acid bind to minerals,
increasing their solubility and mobility in the soil solution (Harsh P. Bais,
2006) (Mench and Martin, 1991, H.M., 1988). There is also prove of
acidification, precipitation and oxidation-reduction processes apparent from
root exudates in soil (H.M., 1988). Most of these chemical interactions are
believed to result in nano-sized particles for easy uptake into plants. Manceau
A. et al. (2008) reported that Phragmites australis can reduce toxic Cu* and
Cu*2 to Cu® nanostructures as a mode to withstand higher levels of Cu
(Manceau et al., 2008). Many have investigated into the possibilities of
phytomining i.e. Msuya F.A. et al (2000) calculated that, according to their
results, it would be economically sane to harvest gold nanoparticles out of
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carrots grown with aid of added chelating agents(Msuya et al., 2000). Sharma
N.C. et al. 2007 used extended x-ray absorption fine structure analysis
(EXAFS) and x-ray absorption near-edge structure analysis (XANES) to
investigate where the reduction of gold and silver salts occurred and formed
elemental particles in Sesbania seedlings. They found that the reduction took
place in the root-cells and that the particles were then transported
symplastically and deposited throughout the plant (Sharma et al., 2007).
Gardea-Torresdey J.L. et al. 2005 did a similar study on gold in the form of
KAuCl, together with different concentrations of thiocyanate NH4SCN in the
plant Chilopsis linearis and found that the reduction took place in both roots
and shoots, also that thiocyanate at a certain concentration increased deposition
of nano-gold-particles in the roots by 595 %(Gardea-Torresdey et al., 2005).
Haverkamp R.G and Marshall A.T. 2009 have conducted an additive
investigation, with the same instrumental techniques, showing that there is a
limit to silver deposition within Brassica juncea plants. They also investigated
the uptake of silver nanoparticles from solution into the Brassica juncea plants
and found that they did not take up any silver that was not in ion form,
although they did not report on any size of the nanoparticles used(Haverkamp
and Marshall, 2009).

2.2 Transport of nanopatrticles in nature

How nanoparticles, both natural and engineered, move in water bodies, soil
and air has shown to be a very difficult matter to investigate. There are no
methods available that can measure in situ, i.e. all methods rely on sampling,
giving rise to sampling bias and other artefacts. Our best way of understanding
the fate of nanoparticles in nature is to measure movements in controlled
environments and then use mathematical modelling to predict their behaviour
under natural conditions. A fairly recent review by Baalousha et al. (2016) has
described the struggles of creating accurate models (Baalousha et al., 2016).
Some nanoparticles dissolve, under which conditions do they dissolve? Some
nanoparticles aggregate and precipitate others adsorb to soil particles. Yet
again, under which conditions? It is an immeasurable complexity that arises,
when you also start to factor in the biosphere. How can nanoparticles enter the
food chain? Only the first step of transport from soil and water to plants has
proven to be incredibly diverse (Grillo et al., 2015). Some particles are taken
up by some plants but not by others and vice versa. We have to consider, not
only, the infinity of particle types but also the vast array of different soils and
plants that will affect the particles transport. Schwab et al. have written a
review that covers the subject well, also describing the problematics and
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possibilities of today’s techniques for studying nanoparticle transfer from
environment to plants (Schwab et al., 2016). With new techniques evolving,
especially at synchrotron source facilities, we are advancing our knowledge
substantially (Castillo-Michel et al., 2017). At least the most important
nanoparticles that are predicted to become prevalent in nature or that are being
considered for use in agriculture, such as gold nanoparticles, silver
nanoparticles and titania nanoparticles etc.; are getting investigated in different
conditions with different plant models (Rico et al., 2011, Zuverza-Mena et al.,
2017, Pradas del Real et al., 2016, Tripathi et al., 2017).

2.3 Concerns over the environmental effects of nanoparticles

Even though life on earth always has been surrounded with nanomaterials,
there is reason to be concerned over the anthropogenic production of
nanomaterials. We have the ability to create materials that do not exist in
nature, and we do (Hochella et al., 2015). We do create these materials because
they possess certain qualities and properties and we need to consider what
effect these properties have in the environment. This is why the research on
nanoparticle transport in nature, described above is of such importance. There
is a great multitude of nanotoxicological research performed in lab conditions,
showing that most nanoparticles are toxic at high concentrations (Tripathi et
al., 2017). The research journal Nanotoxicology at the publishing house
Francis and Taylor had an impact factor of 7.914 for the year 2015, which,
shows a pronounced focus on a rather new and narrow field of research. But
what concentrations will nanoparticles have in the environment (Holden et al.,
2014)? Which particles are at risk of reaching toxic levels and where will these
concentrations occur (Kah et al., 2012, Miseljic and Olsen, 2014)? It has been
shown that humans who are exposed to great quantities of titania nanoparticles
are severely affected health wise (Pelclova et al., 2017). It seems that the
method of Pelclova et al. (2017), to monitor toxicity in people that are exposed
to nanoparticles, will be the most accurate and alarming method, to bring about
safety and security measures regarding nanoparticles. The variety and different
conditions possible cannot possibly be covered by laboratory experiments and
we will in practicality reside on the detrimental effects to occur, for us to detect
them. The difficulty will be to predict these detrimental effects, to know what
to look for and where. For example Tou et al. (2017) showed with SP-ICPMS
and TEM that the amount of metal nanoparticles in sludge has hitherto been
underestimated; and that the metal nanoparticle levels in the sludge around
shanghai was above the regulated amounts, previously undetected by standard
measurements (Tou et al., 2017). Some evidence suggest that adverse effects
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appear in soil communities (McKee and Filser, 2016). The global
anthropogenic and industrial production of nanoparticles is in the ball park of
hundredths of Tg year® (Hendren et al., 2011). These quantities are mainly
constituted of a few nanomaterials, i.e. TiO2, CeO,, Carbon nanotubes and
nano silver (Hochella et al., 2015). We can expect more and different types of
nanoparticles to be released in the future, both intentionally and
unintentionally.

2.4 Successful nano agriculture

It is difficult to assess how many agro-products, on the market, that are using
nanomaterials. Some fertilizers and pesticides were containing nano-
technological ingredients before nanotechnology became a hot topic and some
might contain it without it being proclaimed. It seems as if the agrochemical
companies are afraid that nanotechnology will suffer the same fate with public
relations as gene technology has and the formulations used to produce
agrochemicals are of course proprietary and business secrets (Kah, 2015). On
top of just the beneficial functions of nanomaterials in formulations there are
also findings of plant beneficial effects from nanoparticles alone. In research
literature one can find a variety of review and research articles on positive
effects of nanoparticles on plants, such as combating pathogens(Alghuthaymi
et al., 2015, Servin et al., 2015), increasing growth(Cui et al., 2013b, Yang et
al., 2007, Juhel et al., 2011, Khodakovskaya et al., 2013, Kumar et al., 2013,
Servin et al., 2015) and enhancing tolerance to abiotic stresses(Pei et al., 2010,
Davar Zareii et al., 2014, Tripathi et al., 2017, Ashkavand et al., 2015,
Zaimenko et al., 2014).

Biology is a nanoscale phenomenon; its machinery i.e. proteins and nucleic
acids etc. are nanoscale molecules and this makes them reactive to
nanoparticles and vice versa. It is known that nanoparticles practically always
form a layer of protein, dubbed protein corona, around them in organisms; and
this protein corona affects the uptake and toxicity of nanoparticles(Grafe et al.,
2016, Lundqvist et al., 2011, Zanganeh et al., 2016, Cedervall et al., 2007).
Hence, the effects induced by nanoparticles are complex and very fascinating.
The effects need to be studied case by case; these interactions cannot be
generalized between all nanoparticles and all organisms.

2.5 Synthesis of nanoparticles

To thoroughly cover the topic of all the ways to make nanoparticles | think we
would need a couple of more doctoral theses. A great introduction to the
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subject, covering at least the wet chemistry, can be found in the review by
Cushing et al (2004) (Cushing et al., 2004).Nevertheless, first of all we can
divide nanoparticle production into two categories, namely: i) top down
production, where bulk materials are gradually broken into smaller parts; ii)
bottom up production where nanoparticles are grown from atoms and
molecules. Top down production is mostly used on industrial scales because it
is a cheaper way of creating nanomaterials if the starting bulk is cheap.
However it is a much cruder way and if the goal is to create uniform particles
with tuneable properties, then the bottom up approach is the way to go. | will
briefly describe some of the most common bottom up methods. Only the first
two, sol-gel and co-precipitation, has actually been used in the papers included
in the thesis.

2.5.1 Sol-gel methods

Sol-gel technology dates back as far as to mid. 19" century when Ebelmen was
working with the hydrolysis of SiCls complexed with alcohols (Ebelmen,
1846). Although, it wasn’t really until about 100 years later, the sol-gel method
became widely used in the way interesting for nanoparticle synthesis, when it
was spear headed by Donald C. Bradley. He was working with development of
alkoxides, the most common precursor of sol-gel synthesis, and the conversion
thereof into metal oxides. Sol-gel technology stretches much further than to
just nanoparticle synthesis and is also used for producing films, ceramics and
gels etc. However, for whatever possible product, the general outline for a sol-
gel synthesis still follows a couple of easy steps, that is:

» Creation of a sol, a solution of particles, monomers of the alkoxides or
metal precursor. With generation of small enough particles it will appear
to be a solution.

» Gelation of the sol can appear spontaneous over time or be induced by
some degree of drying. It means that the particles or monomers
assemble into a network/polymer, commonly bridged by oxygen; this
considerably increases the viscosity of the sol.

» Drying and removal of the solvent. If the gel has been casted, monolithic
shapes can be created. If the gel is dried above the critical point an
aerogel is produced and if it is dried thermally the product will be a
xerogel (a compacted version of the original gel).

In sol-gel synthesis the precursor is a major governing factor. It requires a

substantial knowledge of chemistry to predict the result of a particular
synthesis. Sol-gel has been extensively used for production of silica
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nanoparticles(Rahman and Padavettan, 2012), titania nanoparticles(Macwan et
al., 2011), Copper oxide nanoparticles(Wang et al., 2016b) and iron
oxides(Masthoff et al., 2016, Cui et al., 2013a) etc. It is a versatile and usually
low temperature synthesis at relatively mild pH values. These gentle conditions
allow for the introduction of organic molecules to produce inorganic organic
hybrid nanocomposites; which permit practically an infinity of materials to be
produced, with different properties.

2.5.2 Coprecipitation

Coprecipitation is a method of synthesis that involves bringing a substance of
moderate solubility to a supersaturated state. It is a multistep process that is not
truly understood. The first step is nucleation, a process driven by
supersaturation and governed by surface tension. According to classical
nucleation theory the critical size of a cluster of atoms, to form a
thermodynamically stable crystal that does not re-dissolve, can be predicted by:

. 2yv
Terit = kpTInS (1)

Where v is the surface energy, v is the volume, ky is Boltzmann’s constant, T is
temperature and S is supersaturation. The term in the denominator can be
exchanged for the chemical potential difference between bulk solid and bulk
liquid, Apn(Roduner, 2006), that goes towards zero at the phase transition point,
or it can be exchanged for free energy of the bulk crystal, AGy, which can be
written as(Thanh et al., 2014):

_ —k,TIn(S)

AG, -

(2)

As the size of particles increases the free energy of bulk crystal into greater
negative values and the surface free energy grow more positive, as can be seen
in figure 2 and as is described by equation three.
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Figure 2. Free energy as a function of particle size. AGs denotes the surface free energy, AGv
denotes the bulk free energy curve, the dashed line with AG is the curve for the total free energy
of the particle and rc is the critical size described by equation 1. Reprint from (Thanh et al.,
2014) Creative Commons CC-BY.

Since the bulk free energy scales as r® and the surface free energy scales as r?,
the negative bulk free energy will dominate the bigger particles. In small
clusters or particles the surface free energy dominates.

anr3pAp

AG = AG, +AG, = —

+ 4nr?y (3)

Equation three explains the relationships illustrated in figure 2, where r is the
radius of particle, p is the density of the bulk liquid, Ap is the chemical
potential between bulk solid and bulk liquid and v is the surface free energy. If
one studies equation one and two, one can see that increased temperature and
supersaturation and increases the bulk free energy of the particle and hence
drives the relationship towards a stable particle; and lower surface free energy
alters the critical size needed. Increasing the supersaturation from S=2 to S=4
leads to an increase in nucleation by as much as 107°(Kwon and Hyeon, 2011).
To create really monodisperse and small nanoparticles this is what should be
achieved, a quick nucleation rate, so that many nuclei are formed and
consequently consume all the monomers before they are allowed to grow big.
After nucleation, the second step is growth, a process that is limited by
reaction and diffusion. The precipitating salt can be limited by its reaction
order but the most contributing limiter is usually the diffusion i.e. the mobility
of ions in the solution. With an adaptation of Fick’s law to nanoparticles,
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equation four can model a diffusion limited growth and equation five models a
reaction limited growth (Thanh et al., 2014).

dr_D,,(C ¢) (4
=G0 @

dr—KC C 5
E_ v(b_ i) ()

Where r is the radius of the particle, Cy, is the bulk concentration of monomers,
C; is the concentration of monomers at the interface between particle and
solution, Dy is the diffusion coefficient and Ky is the reaction constant.

Because of the fact that small particles have a higher solubility than those of
larger size, notably so in the sub 20 nanometre range, the smallest particles will
dissolve and instead feed the larger particles with material. This is Ostwald
ripening explained in simple terms, however it is not a simple phenomenon and
it is indeed a subject of investigation yet(Kuo and Hwang, 2013, Madras and
McCoy, 2002b, Madras and McCoy, 2002a, Oskam et al., 2002, Yec and Zeng,
2014). Other forms of ripening can also occur, i.e. digestive ripening and
coalescence. Digestive ripening is the inverse of Ostwald ripening, meaning
that the larger particles are consumed for the benefit of smaller particles. It is a
substantially rarer phenomenon. Coalescence is when particles join together to
form a new single crystal(Zheng et al., 2009).

A possible, third and final, step of co-precipitation is termination of growth
by capping. Adding a so called capping agent, a surfactant or an organic
ligand, halts further growth of the crystal and also stabilizes it in solution and
prevents aggregation of the particles. This is a very common and sometimes
crucial method in nanoparticles production, applied not only in co-precipitation
synthesis.

2.5.3 Hydrothermal synthesis

Hydrothermal synthesis, or solvothermal if the solvent is other than water, is a
method where the reaction is performed in a closed vessel (The term stems
from the field of geology and the study of hydrothermal vents). The closed
vessel allows for temperatures and pressure to build up and bring the solvent to
a supercritical state. In the supercritical state of a liquid there is no surface
tension between solids and the liquid. This changes the rules of nucleation and
allows for otherwise insoluble compounds to be dissolved and subsequently
nucleated into new particle compounds. The supercritical state is not necessary

24



in all cases. It is also possible to perform novel syntheses only using elevated
temperature and pressure to increase solubility (Cushing et al., 2004).

Hydrothermal synthesis was first used in the nineteenth century to
reproduce the conditions in the crust where water is present in the formation of
minerals but it soon developed into an important commercial method. Firstly in
the extraction of aluminium from bauxite in 1892, later in synthesis of
important inorganic materials most importantly quartz crystals and zeolites
(Byrappa and Yoshimura, 2001). Today, hydro and solvothermal approaches
are being used for production of a myriad of things like for example: Titania
catalysts(Liu et al., 2014), zinc oxides (Kotodziejczak-Radzimska and
Jesionowski, 2014), zeolites (still)(Johnson and Arshad, 2014), rare earth
oxides(Xu et al., 2013), metal organic frameworks(Lee et al., 2013),
alloys(Howard et al., 2017), chitin materials (Wysokowski et al., 2017), carbon
guantum dots(Wang et al., 2017) and things like biomass conversion(Jain et al.,
2016) etc.

2.5.4 Gas phase synthesis

For electronic devices that require very high purity, gas phase synthesis might
be the preferred method of nanoparticle production. Chemical vapour
deposition is an extensively used method to produce thin films, which involves
heating up precursors to a vapour and subsequently allowing nucleation onto a
substrate. It can be performed under various pressures but most commonly
today it is performed under vacuum around 0.1-0.01 Pascal. When producing
particles instead of film it is called chemical vapour condensation.

The method permits many types of particles to be produced and it is
particularly good for creating doped particles with different elemental
mixtures. Successfully synthesised nanoparticle materials from gas phase
synthesis include: Carbon nanotubes(Eveleens and Page, 2017), iron core with
iron oxide shell particles(Choi et al., 2002), platinum and silver(Maicu et al.,
2014), vanadate and titania(Cha et al., 2014), aluminium magnesium alloys etc.
(Karbalaei Akbari et al., 2015).

2.5.5 Micro emulsion synthesis

Microemulsions are mixtures of hydrophobic solutions and hydrophilic
solutions that creates nano droplet of one side the other. Commonly it is
stabilized with a monolayer of surfactants, molecules that carry both a
hydrophobic moiety and a hydrophilic moiety, in the interface between the two
solutions. The micro emulsions can be used in inorganic nanoparticle synthesis
by combining two, with reactants of an insoluble salt in the nano droplets. In
this manner small amounts of reactants will be brought together when bubbles
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meet, creating small particles. Further, the prevention of growth can be
accomplished by a surfactant that cover the particle in its formation.

The technique is considered to give considerable control over size and size
dispersity of the particles (LOpez-Quintela, 2003, Lopez-Quintela and Rivas,
1993). It used for the production of a wide variety of compounds such as:
catalysts (Boutonnet and Sanchez-Dominguez, 2017, Tojo et al., 2017, Henam
Sylvia et al., 2017), core shell particles(Han et al., 2016), rare earth
nanoparticles (Lotfi and Khorrami, 2016), starch nanoparticles (Chin et al.,
2014) and aluminium hydroxide flakes (Xu et al., 2014), to name a few.

2.5.6 Biomimetic nanoparticles synthesis

Biomimicry is the science of imitating life (the etymology originates from old
Greek: Bios meaning life and mimesis meaning imitation). Scientists are
looking to nature for design solutions, production methods and energy savings
etc. Most of these problems that humanity is facing, in improving our
materials, our energy consumption and production and our way of life, have
been solved better and more efficiently by organisms through evolution.

Nanoparticle synthesis is no exception, many organisms have been found to
produce nanoparticles. Most famously magneto tactic bacteria, discovered in
1975 by Blakemore (Blakemore, 1975), that produce magnetite nanoparticles
to navigate in the magnetic field of the earth(Bazylinski D et al., 1995). These
nanoparticles are produced inside a protein called magnetosomes and this way
of allowing and controlling growth of nanoparticles inside a protein cage as
template has since been reproduced in viruses, peptides, proteins and
DNA(Capek, 2015). Genetic engineering can allow for new templates and
gives us infinity of possibilities for producing nanoparticles of different types
and shapes. Many organisms in the plant kingdom, fungal kingdom and
prokaryote phyla have been found to reduce metal cations to their elemental or
oxide form and produce nanoparticles (Jeevanandam et al., 2016). For example
the synthesis of metal nanoparticles using plant extracts as reducing agents is
considered as green chemistry (meaning environmentally friendly) and has
become a common research area(Akhtar et al., 2013, Dauthal and
Mukhopadhyay, 2016). Using bacteria for nanoparticles synthesis is also
considered a green chemistry route. A wide variety of particles have been
demonstrated to be possible (Iravani, 2014), such as: Silver
nanoparticles(Klaus et al., 1999), gold nanoparticles (Konishi et al., 2006),
magnetite nanoparticles(Lee et al., 2004), palladium nanoparticles(De Windt et
al., 2005), selenium nanospheres (Oremland et al., 2004), titanium dioxide
(Vishnu Kirthi et al., 2011) and zinc oxide (Jayaseelan et al., 2012).
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2.6 Characterization of nanoparticles

As our knowledge and experience about nanomaterials has developed, the way
we study them has improved and become more and more sophisticated. This
has also improved the way we see nano particles. The importance of different
characteristics is becoming apparent. Not only size influences materials
effects but also in synergy with size do other properties i.e. surface charge,
surface area, porosity, crystal structure, density, shape, composition, chirality
and magnetism. Many of these properties are normally overlooked in studies of
nanoparticle and plant interactions, which could be one of the explanations for
the rather large discrepancies in results that reoccur within the field of
nanoagriculture. I will briefly introduce some of the most common techniques
used for studying nanoparticles and discuss their benefits and drawbacks.

2.6.1 Electron microscopy

Electron microscopy has arguably been the most important investigation
technique for modern science. It was developed in the 1930s and since then it
has helped us see, understand and improve, materials and biology. To the field
of nanoagriculture it has been crucial and few research papers would be
published without studying the material with an electron microscope (Chandra
et al., 2015). No other visualization techniques allow better resolution on
electron conductive and inorganic materials. Even with organic materials it is
still hard to match the resolution of electron microscopes with light microscopy
or scanning probe microscopy techniques, vide infra.

Another benefit with electron microscopy techniques is that it is easy to
simultaneously acquire elemental composition information by energy
dispersive x-ray spectroscopy (EDX or EDS) or electron energy loss
spectroscopy (EELS) on a transmission electron microscope (TEM).

There is also the possibility to use electron diffraction to study the structure
of materials making the TEM a very powerful tool for characterisation of
nanoparticles.

Although, there are drawbacks, for example that it requires extensive
sample treatment for biological samples and a lot also for inorganic samples
(Schrand et al., 2010). This is because the electron beam is a very destructive
probe, which is, of course, something that makes it questionable as probe that
gives result representative of reality. The samples also need to be electron
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conductive and for TEM they also need to be very thin, ca 50-100 nm
depending on electron density of the material. The electron beam also requires
vacuum to be able to operate effectively and this as well affects the sample and
possibly skews results. For example when studying the size of <10 nm
nanoparticles that are non-conductive with SEM, which is fairly common, one
would have to sputter (coat) the particles in an electron conductive metal. This
would then alter the surface structure and change the size of the particles, albeit
by a somewhat certain degree.

2.6.2 X-ray techniques

The use of x-ray to study materials would be the second contender for the most
important advent for advancement of modern science. X-ray diffraction was
developed during the early 20" century and was spearheaded by Max von Laue
and a father and son both by the name of William Bragg. All three of them
received Nobel prizes rather shortly after their discoveries, which were about
the relationship between the unit cell (the smallest repeating unit) of the crystal
and the so called diffraction pattern created by allowing x-rays to shine through
the crystal. The wavelengths of x-rays are in the order of 1 Angstrom (A, 1*10
10 meters) which also is the same order of distances between atoms in
molecules and compounds. This is why x-rays are so useful for studying
materials. Today we divide x-rays into two categories soft and hard, with soft
being x-rays longer than 1 A and hard shorter than 1 A. The full x-ray range is
not fully defined because of confusions between x-rays and gamma rays but it
is about 0.1 A to 100 A. The hard x-rays penetrate materials better while soft x-
rays are absorbed by air and must be attenuated in vacuum. Hard x-rays can
interact with molecular bonds and hence create radiation sickness and cancers.
This feature also makes x-rays very useful in materials characterization, as it,
through spectroscopy, can provide us with information about what chemical
bonds are present and what is the coordination of atoms. There is a plethora of
spectroscopy techniques that utilizes x-rays to study nanoparticles i.e. x-ray
photo electron spectroscopy (XPS)(Prieto et al., 2012), x-ray emission
spectroscopy (XES)(Hirsch et al.,, 2015), x-ray absorption spectroscopy
(XAS)(Hirsch et al., 2015, Lopez-Moreno et al., 2010), small and wide angle
X-ray scattering spectroscopy (SAXS/WAXS)(Li et al., 2016b) and x-ray
fluorescence spectroscopy (XRF)(Filez et al., 2014). It is also possible to put a
detector screen behind the sample so that an x-ray microscopy image can be
created. This can be a very powerful technique since it can be combined with
XRF and/or XAS to give chemical information in the image. Only one problem
appears for studying nanoparticles, which is that, because of the diffraction
limit and the wavelength of the x-rays the spatial horizontal resolution is at best
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50 nm. In this aspect TEM with EELS is superior with its ~ 0.1-1 nm
resolution.

2.6.3 Light scattering techniques

Light scattering techniques such as dynamic light scattering (DLS) and nano
tracking analysis (NTA) are designed to study the hydro dynamic size of
particles. This means that they measure the size of the particles in dispersion,
including the layers of molecules adsorbed to its surface, which depends on the
charge of the surface and what solvent and solution the particles are dispersed
in. Both DLS and NTA rely on Stokes-Einstein equation (6) to calculate the
size of the particles by measuring the Brownian motion.

TK,

D, = 3mnd (6)

Stokes-Einstein equation where the Dy is the diffusion constant or speed of
movement, T is the absolute temperature, Ky is the Boltzmann constant, 1 is
the viscosity of dispersant and d is the diameter of the spherical particle. By
controlling temperature and knowing the viscosity, the spherical size can be
calculated after measuring the diffusion constant. In DLS one measures the D¢
by detecting the constructive interference specs from the whole population of
particles and over time auto correlate these specs that will oscillate in intensity,
the faster the oscillation the smaller the particle. This will generate an average
of the whole population and a dispersity index. In NTA instead a video is
recorded, usually of the particles being pumped by in front of the camera as
they are being irradiated by a laser. In this way, positions of individual
particles are constantly recorded and subsequently can have their size
calculated. This creates a data set showing the true size distribution. Both of
these techniques can also be combined with z-potential measurements. The z-
potential is very important since it is a measure of the surface charge on the
particles, which influences the particles behaviours such as aggregation,
adsorption, reactivity and transferability.

In comparison DLS is slightly more robust and can measure particles over a
bigger size range ca. 1-10000 nm. The nano tracking analysis has an
approximate range of 20-2000 nm however the data provided has higher value.
There are other sources of information that goes into greater depths of the
functionality of light scattering (Xu, 2015, Moore and Cerasoli, 2010).
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2.6.4 Single particle inductively coupled plasma mass spectrometry (SP-ICP-
MS)

One of the most versatile instruments for measuring nanoparticles is SP-ICP-
MS. It can measure large range of sizes of about 20 nanometres to several
micrometres (although Perkin-Elmer claims that their new NexION 2000 can
measure any size of particle with its ultrafast data acquisition). Particles can be
measured in any matrices and in any state, solid, liquid or gas. The detection
limit is very low allowing for detection of very low amount in the parts per
quadrillion (10-'°) range and multiple components can be measured at the same
time(Laborda et al., 2014). The technique however needs to be complemented
with TEM, SPM and or X-ray diffraction and scattering to get an as complete
picture as possible, since SP-ICPMS doesn’t give information about crystal
phase or shape of the particles.

2.6.5 Scanning probe microscopy

Scanning probe microscopy (SPM) is a plethora of microscopy techniques that
utilises a tactile probe cantilever that is scanned over the surface. The first to be
invented was the scanning tunnelling microscope in 1981, by Gerd Binning,
Heinrich Rohrer and Christoph Gerber at IBM in Zurich (Chen, 2007).
Scanning tunnelling microscopy is also the scanning probe microscope
technique that renders the highest resolution, with 0.01 nm in the z plane and
0.1 nm in the x-y plane. It relies on the quantum tunnelling effect of electrons
to sense the bias voltage of the sample to the tip. The current between the tip
and the sample is amplified in a negative feedback loop to the piezo electric
control of the cantilever that holds the tip in an equilibrium distance from the
sample. The changes of tips z-position can then be read out as the actual
topography of the sample surface. (It is by this technique that the world nano
car championship is followed that was mentioned in the introduction). Atomic
force microscopy (AFM) is slightly different with the cantilever tip being
oscillated, in z-direction, above the sample and hence by detecting the bonding
(atomic force) with the surface and the current position of the tip when the
bond occurs the topography is recorded from the scan. As mentioned earlier
many different techniques have been developed beyond these two and have
been review well already (Kasai and Bhushan, 2008, Wiesendanger, 1994).
This is one big advantage, that auxiliary to studying particles size, shape and
surface, SPM can be combined with measuring chemical bonding, surface
reactivity, magnetism and conductance etc. Another benefit is that amorphous
materials can be studied as well as ordered materials and in the case of AFM it
can be done in ambient atmosphere in both liquid and air. This allows for
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studying more natural conditions with less bias than under vacuum.
Nanoparticle coronas and interaction with proteins is theoretically possible to
study in real time under natural conditions.

2.6.6 Gas sorption

By lowering the temperature of a sample contained in a chamber with a gas,
usually nitrogen, a layer of the gas will condensate onto the sample.
Consequently, by measuring how much gas has adsorbed to the sample,
through manometry, one can, by calculation, determine the surface area of the
sample. The calculations depend on models on how adsorption and desorption
will occur. The most common model is Brunauer-Emmet-Teller (BET) theory
that explains how multilayers should behave mathematically. However this
model has been questioned for its functionality of porous materials (Sing,
2001). If the material in question is porous Xenon nuclear magnetic resonance
spectroscopy is a superior option (Cros et al., 2000).

2.6.7 Thermo gravimetric analysis

The thermal decomposition of solids is a useful characterising property.
Thermo gravimetric analysis (TGA) is workhorse for the chemistry lab. Albeit
not the most common method for nanoparticle research it is still of interest
since the temperature of decomposition is reduced as particles size is reduced.
It is also useful because of the possibility to quantify different components of
materials.

2.7 Detection of nanoparticles

To detect and analyse nanoparticles in complex matrices is a formidable task.
Since the defining property of sub 100 nm size makes them invisible to many
standard techniques such as light microscopy, the ways of detection is limited.
These method largely correlates with the methods in the chapter on
characterization, vide supra. The most promising is SP-ICP-MS that can both
measure size and composition of particles, with the drawback that the matrice
needs to be dissolved. The methods that rely on imaging must also be
accompanied with some chemical detection method, since there are many other
nano sized structures that can result in false positives. Other methods like gas
sorption and dynamic light scattering is largely useless for studying
nanoparticles in vivo or in situ, unless it is possible to reliably extract the
particles. When it is possible, one must take into consideration that the
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extraction process might affect the particles and that the concentration and
species might not reflect the nature of the particles in situ.

Since the use of nano particles has become so widespread there is a great
need for development of techniques that can measure nano particles in complex
matrices. Some quite creative methods has been proposed. For example,
Mudanyali et al (2013) developed an on-chip microscopy method using self-
assembled nanolenses around individual particles to enhance scattering
(Mudanyali et al., 2013). That allows for wide field imaging and detection of
nanoparticles that they proved to work on polystyrene particles and virus
particles. Corredor et al. (2015) established a colorimetric method that
measures both catalytic activity of the particles and their quantity (Corredor et
al., 2015). However, they failed to show how this method would differentiate
between different particles and other natural catalysers. Othman et al. (2017)
created a membrane with surface-confined ligands with tailored affinity
towards CeO; also relying on a redox reaction that leads to a change in optical
properties that easily can be measured. With the development of enhanced
resolution dark-field microscopy, that achieves resolution around 90 nm, we
get closer to something useful (Vainrub et al., 2006). Avellan et al (2017) used
this technique together with hyperspectral imaging to detect and confirm gold
nanoparticles in root cells (Avellan et al., 2017). They also used Xx-ray
tomography and could successfully image and detect agglomerations of gold
nanoparticles in and around roots by normalizing the greyscale levels to air and
compare histograms to particles in gel. This was of course made easier by the
fact that gold is a heavy element, with, for example, titania or aluminium oxide
it would be much more challenging.

A possibility that seems underestimated, or perhaps underused, at least in
the plant interaction field, is radioactive or rare isotope labelling. Either by
attaching isotopes to particles or incorporating them into the particles, we can
achieve easy and robust detection of nanoparticles. There are many ways of
preparing radioactive nanoparticles: Neutron radiation of existing particles,
performing the synthesis with radioactive isotopes or by adsorbing radioactive
isotopes onto the particles (Yin et al., 2017, Yu et al., 2015). After, the
particles can be detected by spectrometry, scintillation counting, ICP-MS and
imaged by autoradiography, positron emission spectroscopy, single photon
emission computed tomography and secondary ion mass spectroscopy (SIMS).
The latter has a spatial imaging resolution of 50 nm and very high sensitivity,
making it a top notch alternative for this type of research. The draw-back is
that it is labour intensive and low through put.
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2.8 Suggestion for guidelines and standards

When studying nanoparticles in complex systems it quickly becomes clear that
it is difficult to get at complete picture of what is going on. Most nanoparticles
have very complex chemistry themselves and trying to discern driving factors
in a complex environment becomes difficult. It is not uncommon to see
conflicting results in the literature (Yang et al., 2007, Mattiello et al., 2015,
Feizi et al., 2013). At this point it is impossible to know what the reasons for
these discrepancies are. Is it because of differences in the particles used or in
how they were used? For the research community to even begin to acquire this
knowledge we must strive for high standards of experiments and guidelines
should be formulated. This, off course, is something that must be worked out
by the community. Similar, to the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) a high standard should be
set. Few publications actually follow the MIQE to a full extent but the
guidelines probably have improved the quality of data in publications since
(Bustin et al., 2009). Similarly, we could put forward a list of demands, for
nanoparticle research, including particle characteristics, for example: Zeta
potential (in water and relevant medium), hydrodynamic size (in water and
relevant medium), size (measured by electron microscopy and SP-ICP-MS),
crystallite size, crystal structure, surface area and if possible other
characteristics such as magnetism, chirality and shape. Also adaptation and
application must be thoroughly described. For studying toxicity and effect,
standardisation of the biological conditions could also be put forward. For
example what are the relevant concentrations (preferably in particle per ml) in
hydroponic system or a system with soil? At which developmental stage should
toxicity be measured? Should nanoparticle exposure be constant or transient?
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3 Titanium dioxide (anatase) (paper I)

3.1 Background

Titania (TiO2) nanoparticles have high refractive index, are white, UV-
absorbing, photocatalytic and can be designed in a variety of sizes,
morphologies and crystal structures. Since titanium is the ninth most common
element with 0.63 mass percent, production of titania nanoparticles is relatively
cheap (1997). The particles are used as food colorant, paint pigments, UV-
protection cream and anti-fouling agent, just to name a few applications.

3.2 Synthesis

Titania nanoparticles can be synthesized in a myriad of ways. In industrial
context the sulfate and chloride processes are the most common (Ramos-
Delgado Norma et al., 2016).

In the sulfate process ilmenite (FeTiOs) is acid digested with sulphuric acid
(H2S04) to produce titanium sulfate (TiOSO4). The titanium sulfate is then
hydrolysed under heating to 109° C. which forms a gel with H,SOa4. To the gel
seed crystals are added to initiate crystallisation, different seed will generate
different crystal structures.

In the chloride process the starting materials require higher purity and rutile
or titanium slags are commonly used. The titania is chlorinated in presence of
graphite to produce titanium chloride (TiCls) and CO,. Then the TiCls is
oxidized with oxygen to produce TiO2 and chloride. The chloride process is a
greener process that creates less waste and reuses the chlorine, however only
rutile phase can be created.

Less common on industrial scale, because of the more expensive precursors,
alkoxides, is the sol-gel process. However, it uses much less energy and
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produces high purity materials with great variety, such as: monoliths, hybrid
materials, porous materials, thin films, powders and fibers.

Additionally there are many other ways of producing titania nanoparticles,
such as: Precipitation, microemulsion, hydrothermal, solvothermal,
electrochemical and biological synthesis (Gupta and Tripathi, 2012), which
allow even greater versatility of the resulting materials possible.

3.3 Interactions with plant growth promoting rhizobacteria

Titania is known to have phosphate affinity, to the extent that it’s been used for
chromatography of phosphorylated compounds (Jaoude et al., 2012, Sano and
Nakamura, 2004, Pinkse et al.,, 2004). This affinity also extends to
phospholipids (Rossetti et al., 2006). Which explains why titania also has
affinity to bacteria (Palmqvist et al., 2015, McGivney et al., 2017). It isn't
overtly preposterous to say that titania nanoparticles should affect the
rhizosphere.

3.3.1 Titania nanoparticle influence on growth and root colonization

To assess potential toxicity of titania nanoparticles to the plant growth
promoting rhizobacteria Bacillus amyloliquefaciens, the bacteria were
cultivated together with the particles in a plate reader. The absorbance was
measured continuously. Somewhat surprisingly, the titania nanoparticles
induced an increased growth. The absorbance of the titania treatment increased
faster and to a higher degree, se figure 3.1.
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Figure 3.1. Growth curve of Bacillus amyloliquefaciens grown in a plate reader as measured by
absorbance over time. The bacteria were grown in minimal medium M9 together with titania
nanoparticles, noted as m, or with lactate controls noted with A and V. Negative control with
Jjust M9 is noted with ¢.

Measuring absorbance is a good way of estimating concentration of bacteria,
however it relies upon rather big assumptions in this case. We measured the
absorbance of the particles themselves and it was practically zero but still it
was not possible to exclude the possibility that the particles together with the
bacteria somehow increased absorbance without increasing the number of
bacteria. It could be that they were just aggregating and precipitating on the
bottom of the well and in this manner increased absorbance. Hence we decided
to use other ways of quantifying the bacteria. First we tried to do serial
dilutions of the cultures from the plate, to do plate counting of colony forming
units. Plate counting did not work well in this case, because of bacterial
clustering, vide infra. Instead we managed to transform the bacteria to produce
the enhanced green fluorescent protein (EGFP). Having fluorescent excitable
bacteria makes quantification more robust. We used this to measure the amount
of bacteria that grows on roots in a hydroponic system with or without bacteria,
by washing the roots and measuring the amount of bacteria in the rinsing
water. Even though it would be expected that a higher degree of bacteria
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should still adhere to the roots after washing, higher concentrations of bacteria
was found in the rinse water of titania treatment, see figure 3.2.
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Figure 3.2.Amount of bacteria washed off of roots grown in hydroponic system with MS-media
with or without titania nanoparticles.

The same plant roots where also studied by scanning confocal fluorescence
microscopy to get a visualization of the amount of bacteria colonizing the
roots. Indeed it was clearly visible that greater amount of bacteria colonized the
roots in presence of titania nanoparticles.
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Figure 3.3. Roots of Brassica napus colonized by Bacillus amyloliquefaciens 5113 that has been
transformed to produce EGFP. Hence what as shown in green colour is from the fluorescence
channel, showing the presence of bacteria. The inserts are images with greater magnification
(630 x) that were taken from randomized positions of the roots.

3.3.2 Clustering

The phospholipid affinity of the particles, leads to them, adhering in
aggregates, on the surface of bacteria (McGivney et al., 2017). These
aggregates can then act as glue to bind the bacteria to each other. Which was
clearly seen when Bacillus amyloliquefaciens 5113 was cultivated in media
containing titania nanoparticles. The standard method of plate counting colony
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forming units did not work because the bacteria clustered together and formed
abnormally large colonies. In figure 3.2 four plates of bacteria cultivated
without titania nanoparticles can be seen compared to four plates with bacteria
that was, even though the amount of bacteria is higher in the titania treatment,
vide supra, there are much fewer colonies.

Figure 4.2. Photograph of plates from an attempt to do plate counting of colony forming units.
The four plates on the left are control which have been cultivated without titania nanoparticles in
LB-media. The four plates on the left where grown together with 50 mg/ml titania nanoparticles
in LB-media.

Interestingly, these structures showed smooth surfaces in SEM. The bacterial
colonies were encapsulated together with a layer of titania on the surface.
These capsules could be mechanically broken and the bacteria could be seen on
the inside, see figure 3.3.

Figure 3.3. Bacillus amyloliquefaciens cultivated in LB-media together with titania
nanoparticles, as seen in in SEM. These are the taken from the cultures in figure 3.1. that has

orange colour. Panel A. shows the clusters before mechanical rupture of the surface layer, panel
B. and C. show where the cluster surface have been ruptured and the bacteria inside.
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3.3.3 Plant protection

To study if the increased aggregation and growth of bacteria on plant roots had
any effect on the ability of Bacillus amyloliquefaciens to reduce disease
severity, we inoculated Brassica napus plants with Alternaria brassicicola.
The disease severity was assessed and then measured by quantifying the
amount of fungi in the plant tissue with quantitative polymerase chain reaction
(g-PCR). The fungal content in the leaves was lowest in the treatment with
titania and bacteria but the difference was not statistically significant compared
to bacteria only and interestingly neither to titania only (figure 3.4).
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Figure 3.4. Quantified amount of Alternaria brassicicola in the leaves of inoculated Brassica
napus by g-PCR. Different letters signifies statistically significant difference.

It is possible that with greater number of replicates the trend, of lower amount

of fungi when bacteria is cultivated together with titania nanoparticles, would
have solidified. Due to difficulties in growing enough plants to have sufficient
amount of fungi the amount of replicates were low. However the assessed
disease severity showed that the titania did not reduce the disease symptoms
compared to the bacteria alone. Also, the disease severity of titania without
bacteria did not show a statistically significant difference to control, although it
was lower (figure 3.5).
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Figure 3.5. Disease severity assessment as described by (Van der Ent et al., 2009). Different
letters means statistically significant difference.
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4 Iron oxide (maghemite) (paper II)

4.1 Background

Iron oxides are ubiquitous in nature. So far, ten, of all fourteen known iron
oxides have been found in nature and many have stable nano particulate stages
(Guo and Barnard, 2013). Maghemite usually forms topotactically from
magnetite and other iron oxides. It occurs mostly in soils and is more stable
than magnetite and even more stable than hematite when in nano form (Guo
and Barnard, 2013).

4.2 Synthesis

Synthesis of maghemite nanoparticles can be performed in many ways, such
as: Co-precipitation, sol-gel synthesis, micro emulsion, flow injection, flame
spray pyrolysis and oxidation of magnetite (Shokrollahi, 2017). For our
biological experiments we used maghemite nanoparticles synthesised with a
sol-gel method (Zhang et al., 2011). We used sol-gel because it allowed us to
easily produce large quantities, which was needed for plant treatments. Further,
this particular method that introduces yttrium also stabilizes the maghemite
structure and prevents transformation into hematite.

4.3 Properties

Maghemite is ferromagnetic at room temperature and becomes super
paramagnetic when in nano form below 300 K. The structure of maghemite is
the same spinel structure of magnetite, the difference is that maghemite lacks
any Fe(ll). The morphology of maghemite nanoparticles is versatile and largely
depends on the morphology of its precursor when they have been created
topotactically. The size of particles can be anything from a few nm to macro
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sized. From the synthesis of (Zhang et al., 2011) the particles are 5 nm
according to TEM studies. Also the powder-XRD of the particles and Sherrer
calculation demonstrate a primary particles size of 3.8 nm (figure 4.1).
However when suspended in plant nutrient solution the particles aggregate and
the hydrodynamic size demonstrate a different pattern (figure 4.2).
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Figure 4.1. Powder diffractogram of maghemite nanoparticles. The points with drop line
annotate standard peaks for maghemite. A crystallite size of 3.8 nm was calculated with Sherrer
equation from the largest peak at 16.197 26 degrees.
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Figure 4.2. Hydrodynamic size of maghemite nanoparticles in plant nutrient solution as measured
by nano tracking analysis with Nanosight.

The aggregation also becomes evident when looking at the maghemite nano
powder in SEM. Large aggregates with hierarchical structure clearly show
build up from smaller particles (figure 4.3).
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Figure 4.3. Maghemite nanoparticle powder imaged under SEM.

Nanozymes

The term nanozymes was coined by F. Manea et al. in 2004 and refers to
nanoparticles that exhibit enzyme like activities. It is a very promising field of
science and technology since using nanoparticles, instead of organic enzymes,
is robust, cheap and recyclable. The iron oxides have been some of the most
prominent nanozymes. They have both peroxidase and catalase activity and
have been used in applications such as: hydrogen peroxide detection, glucose
detection, immunoassays, aptasensors and DNA-detection (Wei and Wang,
2013, Roy et al., 2016, Chen et al., 2012).

4.4 Interactions with plants

Iron oxide nanoparticles and their interaction with plants have been studied
several times. Some seminal research papers from the early years of nano
agriculture was about iron oxide nanoparticles (Zhu et al., 2008). Sometimes
only for learning about the interaction with plants (Wang et al., 2011, Li et al.,
20164, Li et al., 2017). Sometimes to study the possibility to use them as
fertilizer (Ghafariyan et al., 2013, Ghazi Harsini et al., 2014, Rui et al., 2016).
Since maghemite particles have enzymatic properties it is possible that these
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properties will have an effect in plants. The maghemite nanoparticles have
been shown to have a catalase like activity, meaning that they will break down
hydrogen peroxide to water and oxygen by an oxidation-reduction reaction.
This should mean that the nanoparticles can be beneficial under abiotic stress
situations, such as drought, when large amounts of hydrogen peroxide is
produced in plant tissues (Moran et al., 1994, Zhang and Kirkham, 1994).

4.4.1 Growth promotion

As mentioned earlier, maghemite nanoparticles have been suggested for use as
easily available iron fertilizer (Rui et al., 2016). Iron is an important
micronutrient for plants and its availability is usually highly dependent on soil
pH (Colombo et al., 2014). A soil pH of 6.5 is generally recommended because
iron is insoluble at higher pH, while at lower pH than that availability of
potassium is instead lowered. Usually the plants counteract lack of iron by the
release of siderophores, sometimes in a mutualistic relationship with bacteria
that produce them. The siderophores can chelate iron and hence solvate it. If
the plants instead get iron in form of particles that follow the flow of water into
the xylem the plant doesn’t have to waste resources on producing siderophores
or nurturing bacteria.

We wanted to investigate the enzymatic effect of maghemite nanoparticles
in planta. So we introduced the particles in addition to chelated iron. The
control was fully nourished. Interestingly, we found that adding the maghemite
nanoparticles increased the growth of leaves and that the chlorophyll content
was increased compared to the control (figure 4.4).
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Figure 4.4. Measures of plant growth and health on Brassica napus treated with maghemite
nanoparticles compared to control with full nutrition. Panel A shows leaf growth in percent after
treatment with maghemite nanoparticles. Panel B. shows chlorophyll content of the leaves as
measured with Konica SPAD-meter after treatment with maghemite nanoparticles. Different
letters mean statistically significant differences.
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4.4.2 Reduced oxidative stress

When plants are exposed to stress, hydrogen peroxide starts to accumulate in
the cells to toxic levels (You and Chan, 2015). We hypothesized that
maghemite nanoparticles can reduce the toxicity of abiotic stress by
scavenging on hydrogen peroxide. So we irrigated Brassica napus with a
nutrient solution with suspended maghemite nanoparticles for five days, then
exposed the plants to drought for five days. Then we measured the hydrogen
peroxide content in the leaves according to (Cheeseman, 2006). Indeed the
hydrogen peroxide levels in the leaves of plants that had been irrigated with
maghemite nanoparticles was lower than in control (figure 4.5).
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Figure 4.5. Hydrogen peroxide content of Brassica napus leaves after drought stress. Control is
plants irrigated with nutrient solution, the other two were irrigated with the same nutrient
solution with 0.8 mg ml* amd 2 mg ml! maghemite nanoparticles. Different letters mean
statistically significant difference.

Since hydrogen peroxide is not only a toxic by-product but also an important
signalling molecule (You and Chan, 2015), it was important to measure not
only the amount of hydrogen peroxide but also the damage that it created.
Hence we measured the amount of lipid peroxidation that had occurred in the
leaf tissue, by measuring the proxy of malondialdehyde. Again the results
supports our hypothesis since a reduced amount of damaged lipid was found
(figure 4.6).
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Figure 4.6. Malondialdehyde concentration in leaves, as a proxy for lipid peroxidation, in plants
treated with maghemite nanoparticles in nutrient solution. Control plants where irrigated with the
same nutrient solution, as where the positive control with Fe(lll) ions at the same molar
concentration as highest maghemite concentration. Different letters indicate statistically
significant difference.

4.4.3 Maghemite nanopatrticle uptake into plant tissues

It is interesting that iron oxide nanoparticle uptake by plants is still a
controversial issue. It has been questioned by some of the most prominent
scientists in the field (Zuverza-Mena et al., 2017). However, these conclusions
seems based on research done with nanomaterials that does not reach below the
plant root cell-wall limit of maximum 20 nm (Martinez-Fernandez et al.,
2016). That iron oxide nanoparticles can adhere to roots, is without doubt, but
there is some evidence that they also are transported into above ground tissues
(Grazyna Bystrzejewska-Piotrowska, 2012, Zhu et al., 2008). We discovered
that, our 3 nm crystallite size nanoparticles, when administered through soil
irrigation, increased the iron content of Brassica napus leaves, by 22 percent
(figure 4.7). Interestingly, the iron content was reduced by adding the molar
equivalent of Fe(lll) ions showing that plants when presented with toxic levels
of Fe(lll) ions can block uptake. This indicates that the increased leaf content
comes from particle uptake and not from dissolution of particles in the
rhizosphere. To further corroborate this indication we measure the low
temperature magnetization of the same leaves. We did, indeed, find a magnetic
behaviour consistent with super paramagnetic iron oxide nanoparticles (figure
4.8).
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Figure 4.7. Iron content comparison of leaves, three weeks after treatment with iron oxide
nanoparticles, as measured by ICP-AES of the ashed leaf tissue.
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Figure 4.8. The low temperature magnetization of leaf ash from control plants and plant treated
with 2 g/l of maghemite nanoparticles. The trend of lower magnetization at higher fields, because
of blocked magnetizations when the atoms in the crystal is oriented in directions not aligned with
the field, and higher remnant magnetizations at zero field is characteristic for super
paramagnetic nanoparticles.
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5 Calcium carbonate (calcite) (paper
H&IV)

5.1 Background

Calcium carbonate (CaCOs) is one of humanities oldest material used. Its
versatility and its fantastic chemistry with water and CO2 has made it the
perfect building material. The worlds™ oldest standing building, the great
pyramid of Giza is made of calcium carbonate. Its low hardness (3 on Mohs
scale) made it easy to cut into pieces and create sculptures and shapes; it also
made it a great abrasive that do not scratch, used until this day. It’s beautiful
white colour has inspired people to make paint for tens of thousands years and
it is still used in paints today.

5.1.1 The fantastic chemistry of calcium carbonate

The word calcine is a verb defined by Oxford Dictionary as: “Reduce, oxidize
or desiccate by roasting or strong heat”. To calcine has become synonymous
with heating something, because of the ancient process of heating calcareous
stones to over 875 degrees C. to produce quick lime (CaO). The CaO is
unstable and will gradually react with CO; to convert back to CaCO3z when
cooled back to room temperature. It is also very hygroscopic and reacts
fervently with water to produce heat and slaked lime (Ca(OH),). The slaked
lime or lime slurry will react with CO; in the air as it dries to form CaCOs3
fulfilling the so called lime cycle. The slaked lime is an integral part of
traditional plasters and mortars and in fact the word lime comes from old
English lim, meaning glue, which might come from Old Norse (according to
city guides in Vishy); in modern Swedish lim is still the common word for
glue.
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Precipitated calcium carbonate (PCC)

In the calcination step it is possible to collect the CO; and then reintroduce it to
the slaked lime. This will react CaOH. with CO; and precipitate the insoluble
CaCOs. By changing the temperature, pressure, stirring rate of gas flow it is
possible the change the particles size and morphology in a formidable range,
allowing for tailored particles to specific applications. It also purifies the
calcium carbonate and removes impurities that always are present in lime
stone.

Solution equilibrium

Calcium carbonate has very low solubility in neutral water, around 5.5x10°
mol L1 (Gal et al., 1996). At lower pH CaCOs3 naturally increases solubility
and consequently the solubility increases from increased partial pressure of
CO,, as CO,+ HO — H»CO3 and H,CO3; =— HCO3z; + H*and H* + COgZ_
<~ HCO3". Calcium bicarbonate (Ca(HCOs3).) is very soluble and in fact only
present in solution.

5.1.2 A biomaterial

One of the common sources traditionally used to make quick lime was sea
shells. Calcium carbonate is produced by molluscs to form their shells. Other
sea organisms also produce CaCOs i.e. the protist foraminifera and the algae
coccolithotrophs. The large deposits of CaCOs that can be found around the
world, most notably the Mediterranean Sea basin, are formed from millions of
years of life and death and the subsequent deposition on the sea bed. These
organisms biosynthesize CaCOs and form hybrid materials with proteins that
display surprising strength (Rae Cho et al., 2016).

Biocompatible

As nature has shown for millions of years calcite and aragonite crystals are
compatible with life. Precipitated calcium carbonate is considered safe for
human consumption. It is registered as a white colorant with E-number 170 but
it is also used as nutritional additive and antacid or drug matrix filler in drug
tablets(Gal and Nussinovitch, 2007, Wagner-Hattler et al., 2017).

5.1.3 Modern use

Already in 1841 did the English company John E. Sturgess Ltd. commercialize
the production of PCC. The white powder found its way into tooth pastes and
linoleum floors. Eventually it was discovered that it strengthened rubbers
(Sadeghi Ghari et al., 2014, Sadeghi Ghari and Jalali-Arani, 2016) and
plastics(Piekarska et al., 2016) and when paper production became alkaline in
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the 1950°s, both ground calcium carbonate (GCC) and PCC became standard
in production of paper and remains so until this day(Nypelo et al., 2011). It's
use in environmental protection is more recent, both as absorbent in fume
towers or as mitigation of acidifying lakes (Vinoba, 2013). Calcium carbonate
is, of course, still part of plaster and concrete production (Sekkal and Zaoui,
2017), same as for glues (Donate-Robles et al., 2014) and paints (Karakas et
al., 2015). High end plastics and composites also take advantage of the
strengthening properties of calcium carbonate (He and Gao, 2017). As the
reader might notice, most of these recent publications are concerned with
improving old formulas and concepts with nano-sized calcium carbonate.

5.2 Synthesis

To synthesize nano calcium carbonate it is important to create a state of super
saturation so that nucleation of the crystal is rapid. This creates many small
nuclei which must then be prevented from growth. This is most commonly
done by adding a capping agent, usually a surfactant; a molecule that binds to
the surface and has both hydrophobic and hydrophilic moieties. The surfactant
helps to create a stable suspension and stops the growth of the nanoparticles.
However, most surfactants are incompatible with biological applications.
Hence, other ways of preventing growth must be used, for instance, addition of
spectator ions that will reduce the mobility of the precipitating salts or
modification of the solvent.

5.2.1 Co-precipitation

Co-precipitation of calcium carbonate can be easily achieved by combining to
solutions, one containing Ca?* and the other containing COs*. As seen in
equation 1, the nucleation rate will be governed by the degree of
supersaturation. In figure 5.1 the hydrodynamic size distribution of calcium
carbonate nanoparticles synthesized by co-precipitation in presence of Mg?*
can be seen.
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Figure 5.1. Hydrodynamic particles size distribution of calcium carbonate nanoparticles, as
measured by nano tracking analysis. The modular size is 288 nm while the mean size is 275 nm.

Ostwald ripening will be a major factor in this type of synthesis unless the
mobility of ion can be prevented. The most successful method to reduce
mobility in water is by adding capping agents to calcium carbonate
nanoparticles (Jiang et al., 2015, Sonawane et al., 2009, Zhao et al., 2016).
This has also been discovered by nature and Bernard et al. found that
lithostathine is a regulator of calcite crystal formation (Bernard et al., Gerbaud
et al., 2000). Another way of reducing the growth is by adding other ions.
Competing ions that reduce the mobility of ions that constitute the crystal to
transfer from one to another or ions that incorporate into the crystal and change
the surface charge and tension and hence the growth properties. For example,
adding magnesium ions (Mg?*) is a bioinspired way of reducing size of crystals
(Berner, 1975, Bischoff, 1968, Long et al., 2014). By incorporating the more
highly charged Fe®* ion one can reduce the size substantially; in figure 5.2 the
results of coprecipitation of calcium carbonate in the presence of Mg* and Fe3*
at 2:1 and 1:1 molar ratio in relation to Ca?*, respectively, are represented. In
order to further lower the solubility of calcium carbonate, the carbonate was
dissolved in 50% ethanol, into which the Ca?* was titrated.

54



573

Concentration (E6 particles/ml)

0 100 200 300 400 500 600 700 800 900 1000
Size (nm)

Averaged Size / Concentration
Red error bars indicate +/- 1 standard error of the mean

Figure 5.2. Hydrodynamic particles size distribution of calcium carbonate nanoparticles
synthesized with coprecipitation in the presence of Mg?* and Fe3*. The modular size is 26 nm,
however the mean is 139 due to large polydispersity.

5.2.2 Gas precipitation

If the goal is to reduce particle sizes, the same rules apply to gas solid
reactions. The same processes of growth and Ostwald ripening govern the
more common precipitation method of bubbling CO, through a solution of
Ca(OH),. A supersaturated solution is desired to get a fast nucleation process
that leads to many nuclei. Then the growth must be prevented by capping or
ion transport hindrance. By comparing A, B and C in figure 5.3 one can discern
the effect of adding a surfactant and an ion that changes the surface tension. In
B one can see the effect of a surfactant that caps growth at a certain stage and
forms a more monodisperse distribution and also increases stability of the
suspension by preventing aggregation of particles. While in C the Fe3* ions
have changed the surface tension of the particles and reduced the affinity for
binding new Ca?* ions, these primary particles are smaller but in turn there is
greater aggregation.
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Figure 5.3. Hydrodynamic particles size distribution of calcium carbonate nanoparticles
synthesized by gas-solid precipitation. Panel A shows an unmodified case with modular size of 81
nm and a mean of 236 nm. Panel B shows particle distribution when albumen has been added as
surfactant with modular size of 173 nm and mean size of 258 nm. Panel C shows particle
distribution from synthesis with 1:1 molar ratio between Ca?*and Fe®* with a modular size of 95
nm and mean size of 230 nm.

5.2.3 Sol-gel synthesis

To the best of our knowledge there has previously not been any sol-gel
methods reported that can produce calcium carbonate nanoparticles. | believe
that the included paper 1l is the first to do so(Palmquvist et al.). The method is
illustrated by figure 5.7.

Figure 5.4. A schematic representation of the sol-gel method for calcium carbonate nanoparticle
synthesis.

The first step is to react calcium with absolute ethanol. If a pure and colourless
gel is desired it is important that the ethanol is kept completely dry, otherwise
the Guerbet reaction can occur and form the yellow vinyl aldehyde. The second
step is performed in ambient conditions because the formation of oxo
complexes such as CagO2(OC2Hs)s(C2Hs0OH)14 is desired and humidity is a
prerequisite (Turova et al., 1993). It involves passing CO; through the calcium
ethoxide under vigorous stirring. In our standard conditions with 0.8 grams of
calcium and a CO- flow rate of 0.2 L/min at 50 bar the precipitation becomes
visible after three minutes but we continued the reaction until the solution
neutralised after approximately 15 min. The third optional step of gel
formation occurs overnight if air humidity is suitable (figure 5.5). Weather it
gelates or not the product consists of ultra-small nanoparticles as demonstrated
in figure 5.6, 5.7 and 5.8.
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Figure 5.5. Photograph of calcium carbonate gel produced by calcium ethoxide CO: gas sol gel
method.

Particle sizes and morphology

The particles produced, as measured by NTA in the mother liquor, have
extremely small hydrodynamic sizes. When the particles are centrifuged and
subsequently redispersed into water the hydrodynamic sizes are increased to a
spectrum of considerably larger sizes (figure 5.6). In figure 5.7 a SEM image
demonstrates the aggregation effect on the particles of centrifugation and
desiccation. A hierarchical structure of small primary particles towards a micro
aggregate. If the particles are not centrifuged but deposited onto a surface by
evaporation of the ethanol a morphology typical of a desiccated gel can be seen
(figure 5.8).
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Figure 5.6. Hydrodynamic sizes of calcium carbonate nanoparticles synthesized through sol-gel
method. Left panel A shows the particles as synthesized in the mother liquor ethanol. Right panel
B shows the same particles after centrifugation and subsequent redistribution in ethanol.

Figure 5.7. Calcium carbonate nanoparticles, synthesized by sol-gel, as seen by SEM after
centrifugation and subsequent desiccation.
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Figure 5.8. Calcium carbonate nanoparticles synthesized by sol-gel after evaporation of the
mother liquor ethanol.

If all ethanol is evaporated, a fine white powder is revealed. This powder is

made up of 5 nm crystallites as measured by XRD (figure 5.9) and TEM
(figure 5.10).
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Figure 5.9. Diffractogram of calcium carbonate nanoparticles synthesised by sol-gel method. The
red bars shows the reference peaks of synthesized calcite structure. The largest peak at thirteen
degrees was used for Sherrer calculation which showed a crystallite size of five nm.
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Figure 5.10. A selected TEM image of calcium carbonate nanoparticles synthesized by sol-gel
method. The inset graph displays particle size distribution from several images (n:46).

Surface charge and zeta potential

Calcium carbonate nanoparticles are negatively charged particles by nature
although there are some discrepancies in the literature (Moulin and Roques,
2003). A positive zeta potential is more commonly reported for calcium
carbonate nanoparticles (Ulkeryildiz et al., 2016, Zhang et al., 2016). When we
measured the particles synthesized by sol-gel, we found that they had a high
positive C-potential in water around 62 mV, but there was a distribution of
potential in the sample showing both negative and positive elements; figure
5.11 shows the actual counts of the different charges.
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Figure 5. 11. Zeta potential of calcium carbonate nanoparticles produced by calcium ethoxide
CO: gas sol gel method. Panel A are the particles, as produced in ethanol suspension. Panel B
are the same particles dried and resuspended in water.

Surface area

Calcium carbonate nanoparticles can vary substantially in size and
morphology. Typically 20-20000 nm in particle size and with the typical
rhombohedral shape of calcite and the star shape of vaterite and many other
shapes. This leads to a great variety of surface area. The particles prepared by
sol gel demonstrated a surface area of 22 m?/g that is a rather typical value for
calcium carbonate particles of micron size but small for nanoparticles (Kirboga
and Oner, 2017, Wang et al., 2016a).

Thermal decomposition

The thermal decomposition of sol gel calcium carbonate nanoparticles, showed
an expected reduction of temperature of decomposition in TGA. In figure 5.12.
these results of TGA are displayed and one can see that the calcium carbonate
starts to decompose at 600° C. which is at least 100° lower than usual(Singh
and Singh, 2007).
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Figure 5.12. Differential and absolute weight loss graph for the decomposition of calcium
carbonate synthesized by sol gel method.

5.3 Calcium carbonate hybrid materials
One interesting aspect of the sol-gel

method of calcium carbonate

nanoparticles synthesis is that it is easily modified to produce hybrid materials.
Hybrid materials are compound materials with organic and inorganic
constituents. Since the synthesis is performed in ethanol hydrophobic organic
molecules can be dissolved, prior to the nucleation of the inorganic calcium
carbonate. It is possible to incorporate even the most hydrophobic molecules
that generally are insoluble in ethanol, by dissolving it in a less polar solvent
like hexane or toluene and add it to the calcium ethoxide solution before
reaction with CO,. We have incorporated carotene, ibuprofen, tetracycline,
doxorubicin, Isopropyl B-D-1-Thiogalactopyranoside into the matrix of
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calcium carbonate particles. The result is a powder nano composite material.
According to our studies with TEM the powders consist of globular structures
in the sub-micron size range, see figure 5.13.
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Figure 5.13. Carotene calcium carbonate nanocomposite particles as imaged with TEM. The
sizes of the particles can be seen in panel A and B. The small square in panel B shows the area
where panel C image is taken from. Panel C demonstrate the calcium carbonate crystallites
imbedded into the hybrid material.

These materials can then be used for release of hydrophobic molecules into
hydrophilic environment; control or triggering of release can be achieved by
pH regulation or alternatively strong calcium ligands such as phosphate. We
demonstrated the effect by releasing carotene at pH 1. The nanocomposite
powder was first dispersed in the liquid. After approximately five hours one
could see colloid formation and aggregation of carotene as the calcium
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carbonate was dissolved. After another 24 hours the carotene aggregates had
begun precipitate towards the bottom (figure 5.14).
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Figure 5.134. Release of carotene into acidic water from the hybrid nanocomposite powder
produced with calcium carbonate sol-gel synthesis.

5.4 Interactions with plants and effect on aphid feeding

It is known that calcium ions play an important signalling role in plants innate
defence system against sap sucking insects, i.e. Hemiptera (Will et al., 2013,
van Bel and Will, 2016). Many plant genera are known to store calcium
carbonate (Bauer et al., 2011, Nitta et al., 2006, Okazaki et al., 1986, Zindler-
Frank, 1995). The purpose of this behaviour has not been discerned. One
possible function could be increased tolerance to biotic and abiotic stress. We
have hypothesise that introduction of calcium carbonate nanoparticles into the
phloem could create a latent supercharge of the calcium signalling. The
signalling relies upon calcium ions coming through the cell wall as it has been
ruptured by the aphid stylet. According to the latest model, the aphids tries to
prevent this by three main mechanisms, i) sealing the cell wall puncture with a
polymer, gel saliva, to prevent calcium ions to enter the sieve tube element
from the apoplast or cell walls, ii) releasing calcium binding proteins (Will et
al., 2013), iii) break down of phloem proteins (Furch et al., 2015). Hence
presence of calcium carbonate nanoparticles in sieve elements should disturb
mechanism two. Furthermore if it is possible to stabilize the particles with a
protein corona that is broken down by mechanism three a controlled release
mechanism can be created.
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5.4.1 Plant responses to calcium carbonate nanoparticles

If calcium carbonate nanoparticles are to be used in agriculture to prevent
aphid infestations it is important to assess the effect of the particles on the
plants themselves. It can be expected that it should have if any a positive
effect. Calcium is an important macro nutrient and plants need large amounts.
Agricultural liming with calcium carbonate is a common practice to increase
the pH of soils, which tend to acidify especially when fertilized with ammonia.

Control
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Bulk
Bulk
Nano

Nano

Nano
0 20 40 60 80

B Fungal lesion leaves number B percent leaf with lesion
B Mean leaf size M Sick stem

m SPAD

Figure 5.14. Display of plant features measured after treatment with calcium carbonate
nanoparticles. Exclusively the fungal lesions had statistically significant difference compared to
control and bulk control (P=0.045).

From our tests we could not see any effect on growth, chlorophyll content or
morphology of the plants compared to plants fertilized with 60 mg L calcium.
No change in appearance could be perceived. The results can be seen in figure
5.11.

5.4.2 Aphid response to plants treated with calcium carbonate nanopatrticles

Studying aphid feeding behaviour by electropenetrography gives detailed
information about the process. It is possible to see how much time each aphid
spends on certain behaviours such as penetration, salivation and actual feeding.
We tried many times, with many different particles, to use this method for
discovering effects of calcium carbonate nanoparticles on aphid feeding.
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However, no statistically significant effects have been found. The method is far
from being high through put. Our maximum sample size is eight per group and
it is quite common to loose aphids during the experiment. The variation within
groups are also very big, bigger than the average for some parameters. Hence,
to succeed with this method a meta-analysis must be made. That combines
many experiments, with the same particles, repeated over time.

Future possibilities

Since all our experiments are inconclusive we can neither confirm nor reject
the hypothesis. Hence more experiments could be done to investigate this idea
that could lead to a new environmentally friendly way of preventing phloem
sucking pests. As mentioned, vide supra, the electropenetrography is an
information rich method that could be used with enough repetition. However,
before that, it is suggestable to investigate other parameters and interactions
first: i) The particle uptake should be verified. We struggled for a long time to
synthesize particles that would be smaller than the generally known barrier of
approximately 20 nm. To prove their uptake turned out to be difficult with
ICP-MS. A possible alternative would be to synthesize them with radioactive
calcium isotopes that could be more easily detected in plant tissue. ii) The
particles” ability to adsorb calcium from solution should be measured, to be
able to predict adsorption of calcium ions at the relevant concentrations, in
planta. iii) If a protein coating should be used the characterization of the
coating must be performed. Using AFM to visualize the particles and
measuring young modulus to see coating versus particle core should be a
possibility. Also these particles should be smaller than the uptake barrier. iiii)
If particles are coated or not they must be tested for their interaction with aphid
saliva. It is possible to extract aphid saliva and perform in vitro tests. Will the
particles adsorb the saliva proteins that aphids use to bind calcium ions? Will
the particles interact with the enzyme that the aphids use to break down plant
defence callose?

There are many questions to address before any conclusions can be drawn
upon this hypothesis. Possibly, it would require multiple PhD theses to answer
these questions.
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Popular science summary

Nanomaterials have been around us since forever. We have created them and
we are ourselves in a sense made out them. Yet it wasn't until relatively
recently that we started to fine tune materials at the nano scale and hence
understand them. In this thesis, a small addition of new knowledge has been
made, about the interactions of nanoparticles in biological systems. With a
focus plants, a small selection of common nanoparticles have been studied for
their interaction with biology. Titania nanoparticles have been studied for their
interaction with biological membranes and how that can affect bacteria
interaction with plants. Iron oxide nanoparticles have been investigated for
their enzymatic mimic properties and how that can affect plants ability to
handle stress. Calcium carbonate nanoparticles have been studied for use as a
benign matrix for drugs and for their possible interaction with aphids in plant
infestation events.
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Popularvetenskaplig sammanfattning

Nanomaterial har alltid funnits i naturen. Vi manniskor har lange skapat
nanomaterial, om &n ovetandes, och i viss bemarkelse sa bestar vi av dem
eftersom proteiner ar nanomaterial. Dock sa ar det inte forran relativt nyligen
som vi borjade manipulera material pd nanoniva och darmed sa har vi ocksa
borjat forsta betydligt mer om egenskaperna hos dess material. Den har
avhandlingen bidrar med en liten utdkning av denna forstaelse genom att
utforska nanopartiklars interaktioner med biologiska system och organismer.
Med fokus pa vaxter sa har ett urval av vanligt forekommande nanopartiklar
studerats. Titandioxid-nanopartiklar har understkt for deras cellmembran-
bindande egenskaper och hur detta kan paverka mikrobers interaktioner med
vaxter. Jarnoxid-nanopartiklar har studerats for deras forméaga att agera som
enzymer och hur detta kan paverka véxters férmaga att hantera stress.
Kalciumkarbonat-nanopartiklar har studerats for deras formaga att binda
organiska molekyler for att sedan sldppa dessa i vatten, samt for hur de skulle
kunna interagera med bladloss i vaxter.
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