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ABSTRACT

A strain of Phaeodactylum tricornutum (CPCC 162) was cultured to determine its
performance and ability to withstand pollution with heavy metals (i.e. Ag, Mo, V).
Treatments to simulate heavy metal pollution in water were performed at four levels each
based on predicted maximum concentrations of 1 x 10 M for silver (1.079 x 10° g Ag-L’
", 1.5x 10 M for vanadium (7.64 x 10° g Ag-L"), and 1.0 x 10* M for molybdenum (9.594
x 10 g Mo-L™") from a preliminary experiment and new levels for silver (i.e. 0,3.75 x 107,
9.24x10°,1.47 x 10% 1.85x 10* g Ag-L™"), vanadium (i.e. 0, 5.97 x 10°, 1.47 x 10* 2.35
x 10%,2.95x 10 g V-L™"), and molybdenum (i.e. 0,3.43 x 10>, 8.45x 10®,1.35x 10", 1.69
x 10* g Mo-L™") were assigned. Inductively coupled plasma mass spectrometry (ICP-MS)
analysis showed a positive relation between cell growth and ionic concentrations,
suggesting that P. tricornutum cells were responsible for 70 to 90 % reduction in silver
and vanadium levels in the surrounding medium and that P. tricornutum can be used as
a bioremediation alternative to treat relatively high concentrations of these two elements
in water. Difficulties with the standards limited the possibility for calculations on
molybdenum, and it was only possible to establish that the presence of molybdenum in
medium-high concentrations (i.e. 1.35 x 10 g Mo-L") aided in the consistency of ionic
assimilation by the algae. Additionally, some of the cultures of P. tricornutum under silver
stress showed an interesting trait by producing particles of nanoscopic size of what was
determined to be only elemental silver (Ag®) and not silver salts (i.e. AgCl, AgNO3). A life
cycle analysis (LCA) of the use of P. tricornutum as a vector to produce silver
nanoparticles showed an overall lower impact on the environment when compared to a
traditional industrially used redox method. Except for the use of land, all categories and
perspectives from the analysis using ReCiPe (1.11) and TRACI (2.1) were considerably
lower in the impacts for the biogenic method (less than 50% of the impacts caused by
the redox methodology) and, in general, close to 75% of the impact in all categories can
be avoided using the algae alternative. Further analysis with different algal species and
alternative methods for industrial production might provide better insights to the potential

of algae as a vector for the industrial manufacturing of metal nanoparticles.



RESUME

Une souche de Phaeodactylum tricornutum (CPCC 162) a été cultivée pour déterminer
dans quelle mesure elle pourrait résister a la pollution par les métaux lourds (Ag, Mo, V).
Des traitements pour simuler la pollution des métaux lourds dans I'eau ont été effectuées
(Ag, Mo, V) a quatre niveaux, chacun étant basé sur les concentrations maximales
prévues de 1 x 10* M pour l'argent (1,079 x 10° g Ag-L™), 1,5 x 10* M pour le vanadium
(7,64 x10° g Ag-L"), et de 1,0 x 10" M pour le molybdéne (9,594 x 10° g-L™") & partir d'une
expérience préliminaire. De ce fait, les niveaux ont été ajustés pour l'argent (0, 3,75 x 9,24
x 10°,10°,10% 1,85 x 1,47 x 10, le vanadium (0, 5,97 x 1,47 x 10, 10 10", 2,35 x 2,95
x 10 et le molybdéne (0, 3,43 x 8,45 x 10°,10°,10* 1,69 x 1,35 x 10™). L'analyse ICP a
montré une relation positive qui suggeéere que les cellules de P. tricornutum étaient
responsables de 70 a 90 % de réduction en argent en vanadium dans le milieu environnant
ce qui suggere que P. tricornutum offre un potentiel de biorestauration pour traiter des

concentrations relativement élevées de ces deux éléments dans |'eau.

Certaines des cultures de P. tricornutum avait une réaction supplémentaire produisant
des particules de taille microscopique de ce qui a été déterminé étre seulement de
I'argent élémentaire et non pas des sels d'argent. Ceci a ouvert de nouvelles perspectives
dans l'utilisation de P. tricornutum comme un vecteur biogenes pour produire des
nanoparticules d'argent avec un faible impact sur I'environnement et, pour confirmer ce
fait, une étude comparative de I'évaluation du cycle de vie d'une méthode traditionnelle
utilisée industriellement pour produire I'oxydo-réduction des nanoparticules d'argent
(AGP) et une alternative a l'aide de la méthode d'origine biogénique (P. tricornutum) ont
montré que les performances environnementales de I'alternative étaient biogéniques et
moins intrusives sur les effets éventuellement produits sur I'environnement. Sauf pour
['utilisation des terres, toutes les catégories analysées en utilisant le module ReCiPe 1.11
et TRACI version 2.1 ont eu un impact nettement plus faible par la méthode biogénique
(moins de 50 % de l'impact causé par la méthodologie de I'hydroquinone). En general,
prés de 75 % des impacts dans toutes les catégories (sauf |'utilisation des terres) peuvent
étre évités lors de I'utilisation de l'alternative biogéniques. Une analyse avec différentes

espéces d'algues et d'autres méthodes pour la production industrielle pourrait fournir une



meilleure compréhension du potentiel des algues, comme vecteur pour la fabrication

industrielle de nanoparticules métalliques.
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CHAPTER |
INTRODUCTION

Nanotechnology is defined as the “application of scientific knowledge to manipulate and
control matter at the nanoscale to make use of size- and structure- dependent properties
and phenomena, as distinct from those associated with individual atoms or molecules or
with bulk materials” (ISO, 2010). The size of “nano” is known to be in a factor of 10 times
that of the measure standard unit, as defined by the International System of Units
(Systéeme International d’Unités, Sl), i.e. one nanometer is a billionth of a meter. In
perspective, one nanometer would equal in proportion to that of an average human wide
step (roughly one meter) in a length 2.6 times the distance between the Earth and the
Moon (one billion meters). No wonder nanomaterials have unique properties that can be
customized to different and novel applications, as the size of the particles in question
gets smaller the applications and interest in these particles grow. For example, virus
encapsulation of influenza and HIV are in the range from 100 -120 nm (Briggs et al., 2003;
Bovier & Pelase, 2008). Having particles at the nanoscale for different materials, their
physical and chemical properties are quite different than those of bulk sized counterparts
(Hornyak et al., 2008). At the nanoscale, the properties of the particles are influenced by
what is known as “quantum effects” related directly with size. For instance, the surface
area that can be obtained with nanoscopic arrangements, when compared to
microscopic equivalent, increases inversely proportional to the reduction in size and thus
a 1 cm? particle will have a 6 cm? surface area while the same volume completely divided
in 1 mm?3and 1 nm?® particles will have a 60 cm? and 6 x 10’ cm? surface areas respectively

(National Nanotechnology Initiative, 2017).

The production of nano-scaled particles of metals, and more specifically those of noble
metals (silver nanoparticle — AgNP, gold — AuNP, and platinum — PtNP) grows in interest
due to their potential applications in fields such as spectroscopy (Mulvaney, 1996), drug
delivery (Pacioti et al., 2004), tissue and tumor imaging (Jain et al., 2006), cancer therapy
(Peng et al., 2009), bacterial control (Aziz et al., 2012), and other applications, because
nobel metals are resistant to chemical action, corrosion and attack by acids. The

drawback from this seemingly impressive array of applications derives from the methods
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required to produce the particles themselves as harsh and highly polluting chemicals (e.g.
sodium borohydride, dimethylformamide, carbon monoxide, hydrazine, hydroxylamine
hydrochloride, hydrogen peroxide) all considered hazardous in nature, and contributing
to both eco- and human toxicity and other negative environmental impacts (Daniel, 2004;
Durndn et al., 2009; Croteau et al., 2011) and the potential toxic effects produced by
excess of nanoparticles in the environment (Miao et al., 2010; Croteau et al., 2011; Castro-
Bugallo et al., 2014). Other methods, used to produce polymeric nanoparticles use highly
toxic compounds (i.e. dichloromethane, ethyl acetate, benzyl alcohol, cyclohexane,
acetonitrile, acetone). Even though these methods produce nanoparticles in an efficient
manner, downstream, midpoint, and endpoint eco-toxicity calls for an expensive
separation of hazardous compounds from the result, as even trace amounts of these
solvents render the nanoparticles unsuitable for some applications (e.g. biomedical, drug,

cancer treatment).

Algae, otherwise considered by many as pond-scum, waste, and an environmental
pressure agent, can be one of the unsung heroes in this battle to produce better and more
environmentally friendly nanoparticles. It is known now that some bacterial species can
manufacture nanoparticles (Mandal et al., 2006; Narayanan & Sakthivel, 2010) of different
elements as a toxicity defense mechanisms, and in recent studies algae (Scaiano et al.,
2009; Schrofel et al., 2011; Sinha et al. 2015), and more interestingly microalgae, have
been proven to be capable of the same feature. Microalgae are unicellular photosynthetic
organisms with relatively simple nutritional requirements and are thus easy to culture.
Their vast numbers and variety make them one of the most promising organisms for
biotechnology applications (Bozarth et al., 2009). Amongst the different groups of
microalgae, diatoms are one of the most widespread taxonomic groups consisting of
approximately 100,000 species belonging to over 250 genera (Norton et al., 1996; van den
Hoek et al., 1995). Diatoms contribute nearly 25% of global photosynthetic productivity
(Scalas & Bowler, 2001; Falciatore & Bowler, 2002; Falkowski & Raven, 2007) and play an
influential role in the biochemical cycles of primary elements, i.e., carbon, nitrogen,

phosphorus, and silicon (Armbrust, 2009). These highly successful organisms are
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present in salt and freshwater, as well as soil and moisture rich non-aquatic environments
(Armbrust, 2009).

One of the most interesting features of diatoms is their unique pillbox-like silica-based
framework (frustule) of their cell wall (Losic et al., 2006a; Martin-Jézéquel & Lépez, 2003;
McConville et al., 1999). This frustule structure is incorporated into an organic envelope
typically composed of proteins and polysaccharides (Hecky et al., 1973). Among the
characteristics that make this structural feature different are the unique optical
properties (Ingalls et al., 2010; Hsu et al., 2012), their reported exceptional strength
(Hamm et al., 2003), and the intricate architecture of the frustule (Perry, 2003; Lopez et
al., 2005). The diatoms frustule has been highly studied with possible applications of the

silicification process for industrial applications (Perry, 2003; Lépez et al., 2005).

Depending on the species and growth conditions (Csdgor et al., 1999), diatom frustules
display a broad range of morphologies allowing for bio-designed frustules with properties
suitable for the nanotechnology industry (Parkinson & Gordon, 1999). As an example, four
different morphotypes of P. tricornutum, depend on the amount of nutrients in the
surrounding environment (Perales-Vela et al., 2006; Masmoudi et al., 2013) controlled via
a cascade of enzymatic events (Cobbett & Goldsbrough, 2002) regulated by a complex
set of proteomic triggers (Cumming & Gregory, 1990; Conner & Schimid, 2003; Bowler et
al., 2010). Nonetheless, the ability of humans to control the environmental conditions (i.e.
culture conditions) during targeted production of diatoms can result in highly repeatable
outcomes compared to those found in nature (Vrieling et al., 1999a; Vrieling et al., 2007),
reducing the need for further purification. Diatom production can be further controlled for
cell size and structural properties, as silica formation is a uniform process at the
nanoscale (Vrieling et al., 2007). However, further research is necessary as the
homogeneity of the final product is dependent on pH (Parkinson & Gordon, 1999; Vrieling
et al., 1999b), chemical interactions (Vrieling et al., 2007), concentration of silicon, and
the stage of the cell cycle (Martin-Jézéquel & Lopez, 2003). Scarcity of nutrients, osmotic
pressure and the presence of waste products from the culture conditions are other
causes of frustule malformation in laboratory cultures (Estes & Dute, 1994; Falasco et al.,
2009).
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Besides their interesting structural characteristics, diatoms share most of the properties
observed in other groups of algae. Current biotechnological uses for diatoms include: the
production of eicosapentaenoic acid (EPA) and other polyunsaturated fatty acids (PUFA)
for pharmaceutical applications, amino acids for cosmetics and nutraceuticals, lipids for
biodiesel, antiproliferative (i.e. antibacterial) agents, and biogenic materials such as
semiconductors and other nanotechnology products (Bozarth, et al., 2009). Water
treatment for phosphorus, nitrogen, and heavy metal bioremediation are in the initial
stages of diatom research and their competitiveness for these processes is still not well

defined given the lack of life cycle assessment studies that are currently available.

An additional promising area of research for diatom-based biotechnological applications
derives from the known resistance of several species of the group (e.g., Cylindrotheca
fusiformis, P. tricornutum, Skeletonema costatum, and Thalassiosira pseudonana) to
relatively high concentrations of heavy metals (Braek at al., 1980; Pistocchi et al., 2000;
Schmitta et al., 2001). Diatoms can uptake heavy metals and accumulate them inside the
cell or the cell wall either as particles mixed with the organic envelope or embedded in
the silicon structure (Torres et al., 1998; Perales-Vela et al., 2006; Li et al., 2010). This
property makes them suitable as a potential bioremediative agent (Craggs et al., 1995;
Craggs et al., 1997; Sivakumar et al., 2012). Research has been carried out where these
diatoms can regulate the environmental presence of heavy metal pollutants (Vrieling et
al., 1999a; Vrieling, 2007), which dwells in their capacity to take metal-originated ionic
species and either accumulating them on the cell wall or inside the cell as particles
combined with the organic envelope or fixed in the silicon assembly (Torres et al., 1998;
Perales-Vela et al., 2006; Li et al., 2010) or push them out as non-reactive complex
molecules (Mandal et al., 2006; Saravanamuthu, 2010). Although not fully understood,
this characteristic offers the possibility to design an industrial process for the
manufacture of highly repeatable silicon metal structures, which would be a new and

promising area of research for diatom-based biotechnological applications.

Among the type of particles generated by these microorganisms, nanoparticles of
different types (e.g. gold, silver, magnetite, selenium, tellurium, cobalt oxide, cadmium

sulfide) are of interest because of their potential in current trends in manufacturing.
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Different studies reported some species of bacteria (Kasama et al., 2006; Luef et al., 2013;
lwahori et al., 2014), fungi (Duran et al., 2005; Duran et al., 2009), and algae (Schrofel et
al., 2011; Castro et al., 2013; Aziz et al,, 2015) capable of producing nanoparticles by

synthesis.

Nano particles, can be categorized as ultrafine (1-100 nm), fine (100-2,500 nm), and
coarse (2,500 - 10,000 nm) (EPA, 2016; ASTM, 2012). The growing interest in the use of
nanoparticles is derived from the differences in the properties of a material when its size
approaches the nanoscale (Hubler & Osuagwu, 2010; Taylor et al., 2013; Hewakuruppu et
al., 2013). Among the methods for the manufacture of nanoparticles, gas condensation,
attrition, chemical precipitation, pyrolysis, and hydrothermal synthesis are currently
available and readily selected by industrial manufacturers (Charistides et al., 2014).
Unfortunately, traditional manufacturing of nanoparticles, based on any form generates
environmental impacts which vary in category, vector (i.e. directionality and strength),
magnitude, time frame, and geolocation which makes it difficult to standardize values for
all the industrial manufacturing methodologies (Taghavi et al., 2013; Sajid et al., 2015;
Reid & Reed, 2016).

Current requirements and standards for sustainability challenge the identification of
impacts to minimize those which can be reduced, mitigate those that can be exchanged
by means of transformation of the technology, and remediate those that cannot be
avoided (Ray et al., 2010). Green chemistry and biogenic methods are now regarded as
some of the most promising alternatives to generalized industrial manufacturing
methodologies (e.g. gas condensation, attrition, chemical precipitation) because of their
lower impact on the environment (Duran et al., 2009; Iwahori et al., 2014; Kathiraven et al.,
2015).

Using the knowledge of organisms that create nanoparticles and combining this with the
pillbox-like cell wall of diatoms would open a range of options in biotechnology. A better
understanding of the complex array of biochemical processes required to produce
nanoparticles, together with the diatoms ability to regulate environmental conditions are
required. However, given that diatoms are a promising organism for applications in

biotechnology contingent upon a better understanding of their biology and biochemical

19



pathways (Parkinson & Gordon, 1999) which is the point of entry for any approaches
where diatom biotechnology is to be understood for their resistance to the elemental

treatments in producing the desired materials or structures.
1.1 Rationale and problem statement

Based on the previous statements, it was determined that, to identify and develop cleaner
and environmentally friendly methodologies for new materials, the following basic

problems needed a structured and systematic solution:

1. To develop cleaner and more environment friendly (i.e. green) methods to produce
novel materials (i.e. nanoparticles) that can be used in sensitive applications (e.g.
biomedical applications, drug delivery, antibacterial materials) requires species
(i.e. organism) capable of surviving the introduction of treatments (i.e. stress) in
their culture environment, and at least generate a considerably lower impact on
the environment when compared to other processes that are currently available.

2. The proposed organism must be responsible for the production of the material and
not be an unrelated and aleatory outcome of other processes within the production
settings.

3. The culture conditions must be standardized to guarantee replicability of the
material and improve the quality of the final product, thereby generating better

monitoring and control mechanisms for culturing of the organism.
1.2 Hypothesis

P. tricornutum can sustain external pressure from a heavy metal stressor (i.e. silver,
vanadium, and molybdenum) or a combination of stressors. P. tricornutum will react to
the condition in a manner that will produce useful materials. It is possible to integrate the
biochemical machinery of Bacillariophyceae (i.e. diatoms) with the production of highly

pure and valuable nanoparticles.

20



1.3 Objectives

1.3.1 General objective

The primary objective of this research is to assess the potential use of an organism from

the group of Bacillariophyceae algae known as diatoms (i.e. P. tricornutum) in the

remediation of heavy metal pollution.

VI

1.3.2 Specific objectives

Assess the resistance of P. tricornutum to high concentrations of ionic silver in
the surrounding medium;

Determine the potential use of P. tricornutum in the bioremediation of silver
contamination in water streams;

Determine the resistance and potential use of P. tricornutum in bioremediation
of vanadium and molybdenum contamination in waters;

Synthesize silver nanoparticles via regulated culture of diatoms
(Bacillariophyceae), establishing the most adequate protocol for the synthesis
of these particles using a regulated culture of P. tricornutum;

Determine the potential environmental impacts of an alternative biogenic
manufacturing process (i.e. culture of P. tricornutum) of silver nanoparticles;
and

Compare the results with the impact of a current methodology (i.e. redox) used

to produce particles with similar size and shape.
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CHAPTERII
LITERATURE REVIEW

Understanding the underlying theory and previous research on the subjects contained on
this document is necessary to better lay out the foundations for the work required to
reach the objectives. The literature review focused on the organisms (diatoms) with a
grasp of the origins and current knowledge about the group in human applications. Next,
it addressed the remediation of heavy metal pollution in water bodies using algae and the
underlying process that makes this possible (i.e. biomineralization). Third, the review
considered the role of organisms in nanotechnology, and finally the structure and

overarching principles of a life cycle assessment.
2.1 Diatoms

Diatoms have gradually attained more interest from the scientific community. Previous
work was focused only on the variety of particularly shaped frustules (von Stosch, 1950;
1951; 1956; and 1958; Csogor et al., 1999; Theriot, 2001); a bio-deposited hydrated
amorphous silica shell distinctive of these organisms. Over one hundred thousand
(100,000) estimated diatom species (Round et al., 1990) have exclusive shells with a set
of unique structures and patterns. One of the most remarkable characteristics of diatom
cells is the silicon-based cell wall known as frustule. Initially believed to be a mere
physical barrier to protect the inner cell it is now known multiple functions (Gordon et al.,
2005). One example of the additional functionality of diatom frustules is their close
relationship with light manipulation (Fuhrmann et al., 2004; Gordon et al., 2009; Toster et
al., 2013a). The degree of success of these organisms is such that they exist in practically
any aquatic environment known to man and handle approximately 25% of the total net
primary photosynthetic production (Seckbach, 2011). Mostly autotrophic with some
obligate heterotrophic exceptions, they are one of the most important carbon sinks on
the planet (Fields et al., 2014).

From a strictly outer geometric perspective, diatoms have a symmetrical structure
determined by the shell geometry (Round et al., 1990). This differentiated disposition
allowed early taxonomical trials to divide the group between centric (radial symmetry)
and pennate (bilateral symmetry) (De Stefano & De Stefano, 2005; Medlin, 2009;
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Seckbach, 2011) as seen in Figure 2.1. Diatom frustules with a few exceptions have a
two-valve array like a petri dish (i.e., hypovalve and epivalve), which overlap as shown in
Figure 2.1 A and C (Round et al., 1990).
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Figure 2.1. Schematic diagram diatom structures. Different structures of the two main
groups of diatoms (A) Centric, (B, C and D) pennate diatoms. Image adapted and drawn
based on Jones, 2007.

From fossil to current diatoms, frustules are the recognized means for identification.
Diatoms belong to the heterokont algae group and differ from common heterokonts
because the adult vegetative forms lack the two flagella found in other members of the
group (von Stosch, 1958; van den Hoek, C. et al., 1995). These flagella are limited, with a
few differences, to the spermatozoid form found in sexual reproduction processes of
central diatoms (von Stosch, 1950 and 1951).

2.1.1 Origins

Diatoms exist in about every habitat with moisture content (Seckbach, 2011). They fix
over one-quarter of the carbon dioxide in the world (Armbrust, 2004; Zimmermann et al.,
2011). They appear to have originated in the boundary of the Permian-Triassic period and
radiated at different taxonomic levels (Mock & Medlin, 2012). There is a hypothesis that
an endosymbiotic event gave origin to the heterokonts from, a heterotrophic host that
engulfed a red alga (Mock & Medlin, 2012). The original organism seemed to have lost

the advantage of the photosynthetic functionality of their new symbiotic organelle
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yielding the modern divergence of the group (Medlin et al., 1993). It appears as if the
organism exchanged an original green plastid for the red algae one (Teich et al., 2007
Baurain et al., 2010). These series of changes allowed for a thesis around the presence
of both green and red plastids after the secondary endosymbiosis contributed to the
origin of heterokonts (Medlin et al., 1993).

2.1.2 General considerations

As mentioned before, diatoms thrive in hydrated ecosystems and handle over one-quarter
of the primary productivity in the ocean (Gordon et al., 2005). On average, it can be
estimated that there are around 2x108 diatom cells in a cubic meter of sea water (Nelson
et al,, 1995).

2.1.2.1 Ecology

Given their abundance, diatoms are one of the major components of plankton in aquatic
environments. However, their habitat is not limited to free-range water bodies, as these
organisms have the capacity to attach to substrates (e.g., root systems of floating plants,
turtles, and whales) and inhabit shallow benthic ecosystems (e.g., shallow rocky streams
and river beds) under the right conditions. They can also thrive in relatively non-aquatic
environments (e.g., soil and moss) if the humidity conditions are acceptable as well as in
iron-depleted settings. Open-ocean centric species (e.g., species of the genus
Thalassiosira) seem to have modified their photosynthetic biochemistry and require less
iron (Armbrust, 2009).

This uncanny ability to survive makes them quite important within the primary producers
in food webs. They are also responsible for silicon mineralization and influence global
climate, atmospheric carbon dioxide concentration and the general function of varied
ecosystems (Wassmann et al., 2006; Armbrust, 2009).

2.1.2.2 Diatom reproduction

Reproduction in diatoms is achieved vegetatively via mitotic cell division (Seckbach,
2011; Chepurnov et al., 2012). The frustule is reproduced intracellularly as opposite-sided
valves that will replace one of the parental halves, and thus one maternal and one

daughter half cover each daughter cell (Tiffany, 2005; Cao et al., 2013). This process is
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repeated generation after generation reducing the size of the cells. Ultimately, the cell
must cope with this reduction and increases the girdle size creating auxospores that will
combine to increase the volume back to the species average during sexual reproduction
(Figure 2.2). Martin-Jézéquel et al. (2000), Round et al. (1990), van den Hoek et al. (1995),
and Kroger & Poulsen (2008a) describe in more detail the metabolism of the diatom
frustule formation, since this process keeps repeating in time, the outcome is an
excessive reduction in cell size. This decrease in turn would eliminate all likelihood of life
on the final cells in most species, with few exceptions, such as Gomphonema parvulum
(Rose & Cox, 2013). Sexual reproduction takes place to circumvent this singularity. During
this stage, cells within a certain size range will produce an increased number of gametes
within the maternal cells via meiosis (Round et al., 1990). Figure 2.2 shows a diagram

representing the process.
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Figure 2.2. Sexual reproduction of diatoms. Image based on Round et al, (1990)
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Sexual reproduction is not always possible as only the appropriate conditions (e.g., light,
temperature, nutrient availability, and the presence of well-suited mates) can trigger the
mechanism. After two gametes meet, a larger than average structural formation
(auxospore) regulates the protection of the gametal conjugation and allows the growth
of a new full-sized diatom cell (von Stosch, 1950, 1951, and 1956; Tiffany, 2005; Mather
et al., 2014).
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2.1.2.3 Shapes and properties

All diatoms typically have a perforated silica wall (frustule), usually bipartite with some
exceptions, such as P. tricornutum and endosymbiotic species (Cox, 2012). Figure 2.3
shows SEM images with some of the most representative structures on the diatom
frustule. The diatom frustule provides structural pathways for the exchange of nutrients,
gasses and cellular product secretions (e.g., polysaccharides); and a protective physical
barrier to the protoplast. Some structural features can be concomitant with specific
functions, such as raphe slits linked to motility, fultoportulae with the excretion of chitin
fibers, ocelli, pseudocelli and apical pore fields associated with mucilage secretion for

attachment, and spines for linkage to produce filaments (Cox, 1999).

Diatoms contain all the inner structures of typical photosynthetic cells, such as nucleus,
chloroplasts, mitochondria, endoplasmic reticulum, Golgi complex lipid vacuoles, and
chromatophore (Yang et al., 2011). An additional layer between the plasmalemma and
the frustule (diatotepum) can exist in some diatoms species (Seckbach, 2011). Figure

2.4 shows a diagram representing the outer and inner workings of a diatom cell.

Figure 2.3. Example of a diatom frustule. An example of a diatom frustule a, b and c:
Thalassiosira spp. frustule, d: Coscinodiscus spp. pore structure of the girdle band (Yang
etal,2011).
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2.1.2.4 Light harvesting

When observed under different types of light, diatom frustules yield diffraction and
interference effects. Being made entirely from amorphous silica (glass), reflections from
the multilayered surface modulate the incident light amplifying or attenuating it,
depending on the angle of incidence or the frequency. The presence of pores that act as
slits smaller than the wavelength of visible light often yield quantum-like effects (Gordon

et al., 2009), an impressive property with optical and nanotechnological applications.
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Figure 2.4. Typical centric diatom. Schematic representation of a typical centric diatom

image based on Yang et al. (2011).

The diatom frustule shows a good transmittance throughout the light spectrum from
ultraviolet to red light allowing the incidence of approximately 90% of visible light
available for photosynthesis (Zhang et al., 2012). Therefore, frustules are believed to be
an important and essential element in the successful adaptation of diatoms in the world.
One of the most incredible consequences of the high porosity of the frustules is the ability
to harvest light in a whole different way. When a ray of light enters the pore structure, it is
scattered, and thus the probability of photon absorption increases (De Stefano et al.,
2007; De Tommasi et al., 2010; Mazumder et al., 2014). In other cases, the porosity of the
frustule can have a light concentration effect (microlensing) as is usually seen when a
red light is beamed onto the cells (De Stefano et al., 2007; De Tommasi et al., 2010).

Because of these highly-specialized abilities diatom frustules are natural photonic
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structures (Fuhrmann et al.,, 2004; Kroger & Poulsen, 2008b; Parker, 2012).
2.1.2.5 Diatom frustules

As mentioned, the most interesting feature of diatoms is the frustule, shown by the
diversity of species in the stramenopiles. These structures (pores) are highly complex
and show micro and nanoscopic features (Rosengarten, 2009). Figure 2.5 shows a

general schematic of diatom frustule shape and components.

It is possible to see in Figure 2.5 (A1 and B1) how the two halves of the frustule come
together by the conjunction of the girdle bands (Figure 2.5. A1-g). The largest of both
halves is the epivalve or epitheca (e) and correspondingly, the smallest half is known as
hypotheca or hypovalve (h). Both the valve surface (vsi and vs;) and mantle (vm; and
vm;) of the epitheca and hypotheca possess pore structures of varying diameters. The
connecting bands on the girdle band are adorned with pore structures (Cupp, 1943; Losic
et al., 2006a).

The pores of the valve surface usually consist of a three-layered pore superposition
comprised of a cribellum (external pores), a cribrum (intermediate pores) and an internal

porous layer as shown in Figure 2.6 (Gordon et al., 2009).
2.1.2.5.1 Biosilicification and frustule formation

Biominerals are minerals produced by a living organism made of a combination of both
organic and inorganic compounds and formed under controlled conditions (Weiner &
Dove, 2003; Skinner & Ehrlich, 2014). Diatoms and sponges are the main groups of
organisms responsible for biosilicification on the planet (Martin-Jézéquel et al., 2000;
Wang et al., 2012; Wang & Nilsen-Hamilton, 2013), with a few other organisms able to
mineralize silicon such as radiolarians and higher plants (Schroder et al., 2008). In
diatoms, the process is highly regulated by a group of biomolecules (e.g. SiTs, silaffins,
polyamines), responsible for introducing and directing the movement of silicon ions
within the cell (Thamatrakoln & Hildebrand, 2008; Durkin et al., 2016).

Before frustule formation, a strong silicon uptake takes place inside the silicon deposition
vacuole SDV. When the valves are completed the cell divides as represented in Figure 2.7
(Kroger & Poulsen, 2008a).
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Figure 2.5. Diagrammatic representation of diatom frustules. Early representation of
diatom frustules with general schematics and components. (A1) girdle view and (A2)
valve view of a centric diatom. (B1) Broad girdle view; (B2) valve view; (B3) transverse
section (narrow girdle view) of a pennate type diatom. P: pervalvar axis; D: diameter; A:
pervalvar axis (pennate); T: trans apical axis (pennate); e: epivalve; h: hypovalve; cbi:
connecting band of epivalve; cb,: connecting band of hypovalve; g: girdle; vss: valve
surface of epivalve; vs,: valve surface of hypovalve; vm;: valve mantle of epivalve; vm,:
valve mantle of hypovalve; tn: terminal nodule (pennate); cn: central nodule (pennate); cp:
central pore (pennate); ri: raphe of epivalve (pennate); ro: raphe of hypovalve (pennate);
tf: terminal fissure or polar cleft (pennate); f: funnel- shaped body (pennate); aa: axial or
longitudinal area (pennate); ca: central area (pennate); c: costae (pennate); of: outer
fissure of raphe (pennate); if: inner fissure of raphe (pennate). Modified from: Cupp
(1943).

The preliminary silicon surge required for the successful genesis of the frustule is guided
and regulated by the feedback between internal and external conditions by the action of
SiTs (Martin-Jézéquel et al., 2000; Curnow et al., 2012 Durkin et al., 2016). When silicon

is available in appropriate concentrations, the inner machinery of the cell channels the
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material to the SDVs (Silicon Deposition Vesicles), which contain silaffins-polyamide
complexes responsible for the final frustule genesis (Vrieling et al., 1999a). Valve and
band genesis is taxon-specific (Cox, 2011). In an oversimplified description of the genesis
of the frustule, the process starts as a silicified annulus (Pickett-Heaps & Wetherbee,
1988; Cox, 2011; Sato et al., 2013) or a pi-shaped structure (Vartanian et al., 2009) from
where the ribs expand to form the porous structures. Figures 2.7 and 2.8 show a general

representation on how diatom cells produce their frustule (Cox 2011).
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Figure 2.6. Diatom structure. (a) Schematic of a centric diatom frustule with cross-
sectional three-dimensional (3D) profile of the silica wall based on SEM data. The inner
layer contains honeycomb-like vertical chambers called areolae. The large hole in the
floor of an areola is known as a foramen. The roof of the areolae is called the cribrum,
which contains a regular pattern of pores. The layer over the cribrum is a thin siliceous
membrane known as the cribellum, which consists of small pores. (b) SEM image of a

Coscinodiscus sp. with corresponding layers (Gordon et al., 2009).
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Silicalemma

Figure 2.7. Frustule manufacturing process. Schematic diagram of the frustule
manufacturing process in a diatom cell. Si(OH), flows via active transport into the
cytoplasm and the SDV by silicon-transport proteins (SiT). Silaffins and a polyamine
system (a) catalyzes the reaction that allows soluble silicon to turn into insoluble species
forming the patterned frustule (b). Based on Jeffryes (2009) and Jeffryes et al. (2013).

2.1.2.5.2 Material properties of diatom frustules

Physically and chemically like quartz (Patwardhan et al., 2005) a diatom frustule has an
approximate density that ranges from 2.1 to 2.3 kg/m? (Zhang et al., 2012) depending on
the species and level of silicification. Using atomic force microscopy (AFM), Losic et al.
(2007b) determined that average hardness and the elastic modulus for the cribellum,
differed from those values for the cribrum, the internal, the girdle bands, the porous silicon
film, and the porous silicon membrane (Table 2.1). During the same study, they managed
to determine that the overall mechanical properties of Coscinodiscus sp. frustule silica

were comparable to those of porous silicon (Tomozawa, 2001; Vinegoni et al., 2001).

Hamm et al. (2003) determined the compressive strength of four types of diatoms
(Thalassiosira punctigera, Coscinodiscus granii and Fragilariopsis kerguelensis). Their
studies found values of up to 680 MPa on the valve and 330 MPa on the girdle band. They
also found a value for the Young’s modulus E of up to 22.4 GPa comparable to cortical
bone which stands at 20 GPa (Ashman et al., 1984; Hamm et al., 2003) or dental
composites (Willems et al., 1992; Hamm et al., 2003).
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Figure 2.8. Diatom cellular division in cross section. Before separation, a mother cell
harvests enough Si(OH), (a) to produce two daughter valves (hypo and epivalve) inside
the SDV (b). Later, the cell divides (c) into two daughter diatom cells with composite
frustule made by the combination of one mother valve and one daughter valve from the
SDV. Diagram based on Jeffryes (2009).

Diatom frustules are highly resistant to temperature (Umemura et al., 2009), which is
consistent with the properties of porous silica. This resistance is one of the most
attractive features of diatoms, as they manufacture the shell under low temperatures and

reduced pressure conditions.

Table 2.1. Mechanical Properties of a typical diatom frustule. Mechanical Properties of
Different layers of the diatom frustule of Coscinodiscus sp. Determined from AFM-Based

nanoindentation experiments (Losic et al., 2007b).

Porosity Thickness Pore Size Hardness Elastic modulus n
(mm) (nm) (GPa) (GPa)

Cribellum 7.5+1.2 ~ 0.050 45+9 0.076 + 0.034 3.4+1.35 100
Cribrum 25+2.5 ~ 0.200 192 + 35 0.130.11 1.7+0.84 370
Internal plate | 35+ 3.0 ~1.000 1150+130 0.53+0.13 15.61+5.13 300
Girdle bands 32+5.0 ~ 0.500 120+ 15 0.059 £ 0.043 4.00+1.9 50
Porous film 70 - 80 ~ 3.000 35+ 20 0.043+0.016 8.11+2.54 100
Porous 60 - 65 ~ 100 60 = 20 0.62+0.15 22.33+3.78 50
membrane

The reader can envision the frustule as a Petri dish-like structure and has two distinctive
perceptive views. One from the side (girdle) and the other one from the top (valve) with a
lot more perceived variations in morphology (i.e. patterns, pores, and raphe) for the later

one. In general terms, the variety of forms and symmetries can account for the vast array
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of shapes and designs both from the ultrastructure and microarray of pores of the

diatoms.
2.1.3 Current uses for live diatoms

Both living and dead (frustules), diatoms have found plenty of applications for humans
(Gordon et al., 2005). From animal feed uses in aquaculture to medicine delivery using

diatom frustules, the range of applications will be described in the following paragraphs.
2.1.3.1 Feed for other organisms

One of the most important uses of diatoms from an economic perspective, is the use of
diatoms in aquaculture (Dunstan et al., 1996; van Dam et al., 2002; Kesarcodi-Watson et
al., 2008). Several zooplanktonic species require diatoms and other algae species as
nutritional sources. These organisms are highly regarded by producers in larval rearing
facilities (Lavens & Sorgeloos, 1996) as they constitute the primary levels of the trophic
web (McGinnis et al., 1997; Patil et al., 2007; Caramujo et al., 2008). Some diatoms are
being researched as a possible source of non-antibiotic bactericide treatments for fish
rearing facilities (Desbois & Mearns-Spragg, 2009; Li & Tsai, 2009).

2.1.3.2 Biofuel stock

Several diatom species are a target for biofuel production, as some of them produce high
lipid contents under the right conditions. Ever since the late 1930s, when scientist from
Germany started to explore the possibility of oil production from diatoms and proposed
the use of said organisms for flue gas management in the industrial district of Rubhr,
diatoms have attracted the attention of biofuel researchers (Huntley & Redalje, 2006).
Some geologists believe that big petroleum deposits originated from diatom extinctions
based on biostratigraphy studies (Holba et al., 1998; Theriot, 2001). Several species
produce enhanced lipid bodies under nutrient (silicon, nitrogen) limitations (Tabatabaei
et al.,, 2011; Fields et al., 2014) and under environmental stressing factors (Sharma et al.,
2012; Fields et al., 2014). The lipid and fatty acid profiles of diatoms were found to be of
interest to produce biofuels, and thus these organisms are a feedstock for second-

generation biofuels (Ramachandra et al., 2009; Leonardi et al., 2011). It comes as no
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surprise that 60% of the species recommended for further study by the Algae Species

Program were diatoms (Sheehan et al., 1998; Dahiya, 2012).
2.1.3.3 EIA indicators

One of the early uses of diatom research involved work associated with water quality and
eutrophication, both in marine and freshwater ecosystems (Dixit et al., 1992; Rabalais et
al., 1996; Smith, 2003). Given the high success rate of several diatom species and the
variation in diatom diversity found in different studies, these algae are still used as
indicators of eutrophication and water quality (Dixit & Smol, 1994; Pan et al,, 1996).
Diatom diversity is affected by nutrient availability. When high concentrations of nutrients
are available in waters, the predominant species most probably belong to the pennate
group of diatoms with little to no appearance of centric diatom species (Pan et al., 1996).
In contrast, a high diversity and abundance of centric diatoms occurs when water quality
is better (Dixit et al., 1992; Niemi & McDonald, 2004).

2.1.3.4 Water treatment

Like other microalgal organisms, diatom communities have been used and researched
for different water treatment approaches (Patel et al., 2012), the most frequent being
nutrient and CO,, regulation in aquatic bodies (Congestri & Albertano, 2011). Some diatom
cells accumulate heavy metals, apparently during the silicon uptake process when the
latter is scarce in the surrounding environment (Pokrovsky et al., 2005; Nam et al., 2014;
Shihi et al., 2014). One additional benefit offered by diatoms is the bioaccumulation of
the heavy metals is physically constrained in the frustule structure (Olguin & Sanchez-
Galvén, 2012; Richards & B.J. Mullins, 2013; Sbihi et al., 2014).

2.1.4 Current uses for diatom frustules

After diatoms death, and further bacterial decay consumes the organic biomass within
the shell, the frustule remains somewhat intact. Some frustules even remain unaltered
after undergoing digestion from grazers (Liu & Wu, 2016). Their density and lack of
buoyancy without the help of diatom oil vesicles or motility structures, force them to the
bottom of the ocean where further bacterial action thoroughly cleans the shells. The

accumulation of these shells creates diatomaceous earth. When diatomaceous earth is
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accumulated over thousands of years, they can generate geological structures of
considerable size (Antonides, 1998; Armbrust, 2009). Diatomaceous earth for human use
is predominantly diatomite; a mined mineral constituted mostly by frustules of several
different diatom species accumulated over thousands of years in marine or freshwater
bottoms. Diatomite although readily available and cheap to mine comes with some
disadvantages. The lack of uniformity in the shapes and sizes of the particles, and the
presence of some pollutant species precipitated are examples of concern (Antonides,
1998; Armbrust, 2009; Liu & Wu, 2016).

Diatomaceous earth works well as absorbent agent, abrasive powder, pest control
product, thermal protection and isolation coating, anticaking agent and even as a health
supplement for humans and pets. Nevertheless, current developments in algae culture,
and research on the intricate mechanisms of frustule formation and silicification in
diatoms, open a door for newer and more elaborate applications (Gordon et al., 2005;
Gordon et al., 2009).

Diatomite, kieselgur, and kieselguhr is frequently found in ancient river, lake and ocean
basins around the world. Allegedly discovered in the 1830s by Peter Kasten it became a
material of regular use within a short period. Alfred Nobel used it to stabilize nitroglycerin
in what is now known as dynamite. Later it was used as the primary material for filtering
devices by Wilhelm Berkefeld, which proved useful during the cholera epidemic in
Hamburg in the early 1890s (Antonides, 1998; Group, 2014).

Presently, algal cultures offer another and somehow more reliable source of diatom
shells. Mono-specific cultures can produce high yields in terms of biomass and cell
counts in relatively short periods of time, given the appropriate growth conditions and
protection to predatorial pressure from grazers (Andersen, 2005; Falkowski & Raven,
2007; Barlow et al.,, 2016), the characteristics of mono-algal-cultures allow to control the
general outcome of the shells, and thus size, shape and general surface composition of
the frustules can be predicted. The potential biomass yield from diatom cultures aiming
to produce biofuel feedstock can in turn drive the production of frustules as a by product
(Norton et al., 1996; Andersen, 2005).
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2.1.4.1 Potential enhancement of culture reared diatomaceous earth

Diatom frustules produced under highly controlled environments can be easily modified
to produce an enhanced final product via different approaches (Parkinson & Gordon,
1999; Gordon et al., 2009; Barlow et al., 2016).

2.1.4.2 Structurally modified diatom frustules

Diatom frustules are particles that can be as big as 500 ym or as small as 2 pm (Round
et al., 1990). To keep things in perspective, the average size of a typical bacterium ranges
between 1 and 10um, the average diameter of human hair is 100 um, and the thickness
of a conventional credit card is 760 pm. These size ranges imply that the porous
structures found in diatoms are of the order of magnitude of 40 nm, which is 10 nm
smaller than the smallest airborne virus, one-third the size of HIV and approximately a
fifth of the common rabies virus. From this point of view, the properties that can be added
to materials transformed from diatom frustules in controlled environments are quite
interesting. One example of frustule manipulation is the deposition of surface substances
to reduce pore size (Losic et al., 2006d; Aw et al., 2012). Using atomic layer deposition, it
is possible to coat onto the frustule surface a wide arrange of chemicals, such as Al,03,
Zr0,, Sn0,, V205, Zn0, and tin (Losic et al., 2006a; Aw et al., 2012; André et al., 2013).

Another approach takes advantage of the biogenesis of the frustule. As mentioned
before, from water soluble silicon compounds (Si(OH),), the mineral is introduced to the
protoplasm machinery by SiTs and then directed to the silicon deposition vacuole (SDV)
via silicon transport vacuoles (STVs). Inside the SDV, the silanol groups are hydrolyzed to
Si-0-Si (Wiens et al., 2009; Wang et al., 2013; Durkin et al., 2016). At this point, the silaffins
and long-chain polyamines (LCPA) catalyze the hydrolysis that directs the shape and
disposition of the silicon within the structure of the frustule (Xu et al., 2006; Townley,
2011; Zane et al., 2014). Given this sequence of events, the contents of the SDV can be
modified and additional elements can be added, e.g., Ti (Sewell & Wright, 2006; Lang et
al., 2013; Chauton et al., 2015), Ge (Jeffryes et al., 2008a; Sewell et al., 2008; Chauton et
al., 2015), Sn and Zr (Basharina et al., 2012), Cd (Gutu et al., 2009; Heredia et al., 2012),
Zn (Croteau et al., 2011; Dybowska et al., 2011), Ni (Townley et al., 2007). Other
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modifications to medium composition can even alter the shape of the daughter frustules

after extended periods of time (Zhang et al., 2012).

Alternatively, using the biological size reduction typical for some species can generate
modified structures. When carefully regulated, cultures can be synchronized to have a
greater percentage of cells in the same stages of reproduction (Pollock & Pickett-Heaps,

2005; Huysman et al., 2014) and thus reducing cell frustule and pore sizes.

The highly hierarchical 3D shapes of the diatom frustules allow for their use as templates
for structures made from modified materials (Pouget et al., 2007; He et al., 2013;
Fattakhova-Rohlfing et al., 2014). Because hydrofluoric acid (HF) and strong alkalis
dissolve the silica frustule, it is possible to partially or completely reduce the presence of
silicon in the structure, increase pore size and reduce thickness (Zhang et al., 2012).
Using diatoms as templates is perhaps the widest use of the shell as a manufacturing
material (Sandhage et al., 2002; Gordon et al., 2009; Davis et al., 2013; Kieu et al., 2014)
and frustule decoration with additional materials of interest follows closely in second
place (Losic et al., 2007a; Martin et al., 2008; Elkhooly, 2014; Green et al., 2014).

Diatom silica (amorphous silica — a-Si) can be directly used in semiconductor
applications albeit its lower electronic performance when compared to crystalline silica
(c-Si). The highly repeatable shape and organization of the diatom frustule biogenesis is
an attractive pathway for alternative bottom-up production of highly complex
semiconducting nanomaterials. To date, there are different approaches looking to tap
into this wide array of amazing micro and nanostructures. One approach is to use the
silica-based frustules of dead diatoms and via chemical deposition of semiconducting
materials (metal oxides) copy the structure under high pressure and temperatures. This
process is known as bioclastic (“turning living into mineral”) frustule replication (Jeffryes,
2009). Some downfalls to this method are low-throughput, high temperatures and
pressures, and the fact that toxic materials must be used (Sandhage et al., 2002). Another
approach is to make duplications that mimic the shape of the diatom frustule with other
substances. The recurring method coats a layer of metallic titanium (Unocic et al., 2004;
Van Eynde et al., 2013; Mao et al., 2014), silver (Ren et al., 2013; Toster et al., 2013b), gold

(Losic et al., 2006b; Losic et al., 2007a) or another metallic element (Losic et al., 2007b;
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Toster et al., 2014), directly onto the frustule. Subsequently, either the silicon is dissolved
to leave the coated layer with the general shape of the frustule (Unocic et al., 2004; Losic
et al.,, 2005; Mao et al., 2014) or the coated frustule is used as the final product (Huang et
al., 2011; Toster et al., 2013b; Toster et al., 2014). Similarly, molding with sucrose can be
used to produce a substrate for later use co-polymers or sol-gel silica to form the
structure that is intended (Weatherspoon et al., 2005; Gautier et al., 2006; Van Eynde et
al., 2013). Analogously, soft lithography with a soft polymer (PDMS) can generate a mold
to cure a UV-curable polymer to generate a positive impression of a diatom frustule
(Hlabikova et al., 2012).

Alternatively, biogenic mechanisms that take advantage of the diatom natural
‘disposition’ to introduce impurities into the frustule have been noted as a direct bottom-
up method to produce precursor materials for semiconductor manufacture (Jeffryes et
al., 2008b; Lee et al., 2008; Townley et al., 2008). There are two main approaches for this
purpose. The first is to recruit the cell machinery to introduce dopants such as
germanium, titanium, or gallium directly into the frustule structure (Jeffryes, 2009; Gale
et al, 2011; Jeffryes et al, 2011). The second is to use silaffins and long-chain
polyamines directly to reproduce the bio-deposition of silica in vitro without the organism
(Annenkov et al., 2006; Wieneke et al., 2011; André et al., 2013).

2.1.4.3 Semiconducting materials from diatoms

Lewin (1966) first thought about using germanium in diatoms, albeit for an entirely
different purpose. Unexpectedly, Lewin discovered a correlation between the amount of
silica and the effect of germanium on diatom growth, and the role of both in the silica
deposition and biochemistry within the cells. Lewin also found different responses from
different species to similar concentrations of germanium in the culture medium and
concluded that it was a growth inhibitor. However, the concentrations used by Lewin
ranged from 1 to 10 mg of GeO,/L and were applied initially in low-silicon conditions
(starvation). Further trials showed that it was possible to mitigate the effect of
germanium oxide on the growth by increasing the concentration of silicon dioxide in the
medium. Additionally, these series of experiments shed some light on the required

conditions for a successful diatom growth inhibition using germanium (Lewin, 1966).
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For the first methodology, it is important to consider the dopant concentrations and the
metabolism of each species used as recipient of dopants. Given that the chemical
similarity of the dopants to silicon tricks the algae into using such elements upon
starvation, it is possible to create highly intricate designs with periodically inserted
dopants on a silica matrix and, in theory, a frustule with a well-tuned silica-dopant ratio
(Lutz et al., 2005; Jeffryes, 2009). Consequently, there are different possibilities for
achieving insertion and different ratios, rates, and supplementation periods could in turn

yield different structural results, even with the same species of algae.
2.1.4.4 Nanodevices and nanomaterials

Diatoms are used as reference for the fabrication of nanodevices and recently for the
synthesis of nanomaterials, as their remarkable growth mechanism has inspired the
production of ceramic, metal and polymer products (Norris, 2007; Schrofel, et al., 2011;
Todd et al., 2014). As an emerging technology, bioinspired manufacturing can close the
gap between the nanoscopic and the manufacturing world of modern industry. The use
of the biological machinery available from diatoms has yielded an impressive set of
results. André et al. (2012; 2013) coated glass with a polyamine-based substance and
produced self-cleaning tin oxide substrates. Similarly, synthetic silaffin peptides had been
used for the precipitation of silica (Wieneke et al., 2011), and a synthetic counterpart
(PDMAEMA) to precipitate biological titanium (Yang et al., 2008; Yang et al., 2009; Tong
et al., 2014), CdSe (Kim et al., 2012) and the production of polystyrene-graphene oxide
microspheres (Kim et al., 2014). Schrofel et al. (2011) synthesized gold nanoparticles
using diatoms. Similarly, Mandal et al. (2006) and Saravanamuthu (2010) synthesized
cadmium sulfide nanoparticles using P. tricornutum. Although not a lot of development
in the understanding of the mechanisms that aid the biogenic production of
nanomaterials, the field is developing rapidly and the prospectives for the future are

promising.
2.1.4.5 Biomedical and pharmacological applications

Biogenic silica (e.g. sponge spicules and diatom frustules) have shown to have unusual

properties for bone regeneration working as scaffolding-materials (Pietak et al., 2004;
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Toskas et al., 2013; Rentsch et al,, 2014). These substances have been shown to be
osteoconductive, osteoproductive and osteoinductive also aiding on the proliferation of
osteoblast-like cells (Arcos & Vallet-Regi, 2010; Wiens et al., 2010; Wiens et al.,, 2014).
Frustules have been used as vector capsules for drug delivery (Arcos et al., 2001; Arcos
et al.,, 2003). The highly porous structure of the shell allows for relatively large molecules
to enter the frustule and remain encapsulated for a while. The porosity provides a slow
delivery mechanism and protection from the acidic environment of the human digestive
tract, allowing acid-sensitive compounds to survive the initial steps of the gastrointestinal
tract (Arcos et al., 2009; Aw et al., 2013; Bariana et al., 2013).

Interesting research found that magnetite-modified silica shells were capable of being
redirected towards a tumor growth within an organism via magnetic field manipulation
(Todd et al., 2014). The use of diatom shells can improve the administration of drugs.
The high porosity of diatom shells combined with their prolonged liquid retention can
increase the interval between doses and residence time of the drug. This dose reduction
decreases the concentration requirement of the medication limiting adverse effects on
human physiology (Juzenas et al., 2008). Additionally, the use of magnetized diatom
shells can minimize the interaction of drugs with healthy tissues. Current
pharmacological trials using diatom frustules as carriers for medication have shown the
effectiveness of the pharmacological compound, the surface functional process and
loading procedure as well as the maximum loading capacity, along with the method used

for the analysis and the results.
2.1.4.6 Water treatment

Naturally occurring diatom frustules found an early application as water filtration
materials, in a type of filter known as Berkefeld filters (Group, 2014). As mentioned before,
the porosity of the shells can keep refined materials (< 40 nm) from water bodies, and
that is the reason diatomaceous earth filters have found their way into beverage and

pharmaceutical industries.

Magnetite-modified shells can be used to attract some metallic elements and

compounds and in turn acquire magnetic properties (Miiller, 2011). Additionally,
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magnetite and other iron-oxide nanoscopic structures have been suggested for
wastewater treatment given their ability to remove Cr(Vl) from aqueous solutions
(Korbekandi et al., 2009; Rai, 2009; Bhushan et al., 2014). Additionally, the use of
embedded silver and gold to enhance polymer composites used for water treatment
(Goho, 2004, Bhushan et al., 2014) to take advantage of their antimicrobial activity, which
can be an interesting application for modified diatom frustules. When combined with
chitosan and gelatin blends, they can produce an incredible hydrogel with useful
capabilities, including wastewater treatment and antibacterial applications and
preparations (Venugopal, 2016). Finally, in combination with live cultures of microalgae
or photosynthetic bacteria, it is possible to treat biological environments (Richmond,

2004). The possibilities are so broad that it is not practical to cover them all here.
2.1.4.7 Photovoltaic applications

Among the most interesting uses thought for diatom frustules is the potential
enhancement and production of low-cost, high performance photovoltaic solar cells.
Solar cells require the presence of semiconducting materials to convert photonic energy
into electricity. From primitive to recent materials used for solar cells, silicon stands as
one of the most interesting option. Currently in use, a mix of silicon-based solar cells and
dyes, sensitized via polymeric inclusion of organic elements, can produce low-cost and
high-efficiency photovoltaic devices (Parker & Townley, 2007; Jeffryes et al., 2011; Lee,
2014). For silicon solar cells, it is typical to find dopants such as phosphorous and boron
(Evans-Freeman & Peaker, 2001; Nishikawa, 2001). Doping alternatives include
phosphorous because its electronic differences with silicon, as five valence electrons in
phosphorous compared to the four regularly found in silicon, would generate a negative
charge on the surface of the material (Smestad, 1998; Adachi, 2009). Boron yields a
positive junction as the electron difference works towards the four provided by silicon,
and hence this kind of inclusion will produce a p-type area (Adachi, 2009). When a
semiconductor material contains dopants in such a way as to establish both n-type and

p-type areas, a p-n junction is created (Adachi, 2009; Bhushan et al., 2014).

In 1961, solar cell efficiencies were believed to have a limit of nearly 30%, known as the

Shockley-Queisser limit (Shockley & Queisser, 1961). At present, the highest value
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reported for solar cell efficiency is set at 40% achieved by multi-junction solar cells in
2014. Commercial counterparts have not been able to surpass the Shockley-Queisser
limit due to cost-related constraints. To date, 25.6% is the maximum effectiveness for
regular silicon-based cells. The efficiency is even lower for thin-film cells that cannot
reach values above 15%. Additionally, these efficiencies drop with prolonged use (Nat
Nano editorial, 2014). One way to circumvent this issue is via advanced material
architecture and non-conventional approaches to the manufacture of materials
(Lockwood & Pavesi, 2004; Nat Nano editorial, 2014).

2.1.4.8 Light harvesting in solar cells with frustule-based materials

Amorphous silica solar cells do not have the highest efficiencies reported to date, the
potential reduction in production cost of diatom-based materials and their higher
efficiency as light-harvesting structures has brought them more attention (Fuhrmann et
al., 2004; Toster et al.,, 2013a; Wu & Wang, 2014). Using ordered structures within
organized silicon materials might have the same effect in low-cost photovoltaic materials
as those found in regular frustules. Further advances in diatom frustule modification
technologies and methodologies provides a promising future for this line of research and

development.
2.1.4.9 Photocatalytic applications

As mentioned before, the possibility to dope and enhance diatom frustules with silver,
gold, titanium and other elements allows for photocatalytic applications, such as water
treatment and pollutant remediation (Losic et al., 2006b; Liu & Antonietti, 2013; Liu et al.,
2014). Additionally, hydrogen production via water splitting can be achieved via the
photocatalytic activity of materials derived from diatom-frustule modification (Reece et
al., 2011; Mohan & Pandey, 2013; Mao et al., 2014). In fact, the possibility to create Si -
Ge nanocomposites opens a door for future research into more advanced nanocrystalline

electronic junctions from simple biomineralized materials (Liu, 2005).
2.1.5 Phaeodactylum tricornutum (Bohlin)

P. tricornutum described for the first time by Bohlin (1897) is an ideal pennate model

diatom (Lewin, 1958) because it is an organism with a fully sequenced genome (Martin-
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Jézéquel & Lopez, 2003; Bowler et al., 2008; Montsant et al., 2005). Most cultures of P.
tricornutum reproduce asexually (Bowler et al., 2010) allowing for better control and
specialization of the cultures for analyses focused on growth conditions and nutritional
assays (Yang et al, 2011). P. tricornutum does not require silicon to grow under
laboratory conditions (Brzezinski et al., 1990). However, with the addition of silicon to the
culture medium it grows a silicon-dense shell (i.e. frustule), like all diatoms (Borowitzka
& Volcani, 1978; Lewin et al., 1958; De Martino et al., 2011). This selectivity use of silicon
for the manufacture of the frustule has been known for quite a while and results in the
occurrence of four different morphotypes (i.e. oval, fusiform, triradiate and tetraradiate)
because different silicification levels will produce different structural configurations on
the frustule and it was suggested by McConville et al. (1999) that some silicified portions
of the cell wall and the level of silicification could be a response to the abundant presence
of organic or inorganic components. Using atomic force microscopy, Francius et al.
(2008) found that the silicified valves of oval cells provide higher mechanical resistance
than valves of the fusiform, triradiate and tetraradiate morphotypes. The degree of
adaptability in cell wall composition in response to environmental conditions stands as
an interesting property that may allow adaptation for highly controlled silicon-based

nanofabrication of materials.
2.2 Heavy metal remediation using algae

Metals are naturally occurring either as essential components (e.g. copper and zinc) or
toxic elements (e.g. lead and mercury) in ecosystems (Allan, 1995). Environmental
pollution by metals has become widespread as mining and industrial activities have
expanded (Kennish, 1996). These industries systematically release pollutants that
progressively alter aquatic ecosystems (McFarlane & Burchett, 2000) and, in areas with
a high concentration of heavy industry, heavy metal pollution is one of the most difficult
and serious environmental concern (Wikfors & Ukeles, 1982; Cotté-Krief et al., 2002; Esser
& Volpe, 2002).

In an aquatic environment, metallic elements are present either in the sediment or in the
solution, in an assortment of species (i.e. chemical forms). In the sediment as insoluble

inorganic complexes, suspended particles, or organic colloid-metal associations. In
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solution, metals appear as ions and organic or inorganic complexes (Kaplan, 2013). Toxic
metal ions (e.g., copper, cadmium, lead, mercury) crossing membranes is the main
process for heavy metal accumulation in organisms and in the case of this work,
unicellular algae (Perales-Vela et al., 2006; Singh et al., 2011). The first mechanism of
cation defense is complexation via functional groups (e.g. amide, amino, carbonyl,
carboxyl, phosphate, sulfonate) located along the surface or the porous structures of the
organism (Fourest & Volesky, 1997). Once the metal enters the cytoplasmic space
(Conner & Schimid, 2006), different mechanisms can be present to protect or at least
mitigate the effects on the overall bioprocesses within the organism (Cobbett &
Goldsbrough, 2002). Algal species can be used to remediate heavy metal pollution in
water bodies, depending directly on the resistance to the toxic treatments of the algae
strain, the level of toxicity of the metal (i.e., the reactivity of the chemical species), and
the time of exposure (Muse et al.,, 1999; Yu et al,, 2010).

Organic andfor

complexes 5

Vacuole

Figure 2.9. Metallic ionic uptake and detox processes inside a living cell. Schematic
diagram of the five processes involved in the ionic uptake and detoxification of metallic
species inside a living cell. Diffusion (1); active uptake via ion transporters (2); active
efflux of free ionic metals (3); complexation of ionic species with organic/inorganic

compounds and (4); vacuole transport and storage (5). Image based on Kaplan (2013).

Some bacillariophyceae replace chemicals with analogous properties along multivalent
ion carriers binding sites (e.g. Ca®* channels) or bind undesirable molecules that enter
the cell using protein-ion complexes (Weaver et al., 2003). Later these molecules will be

placed in the frustule structure or isolated in vacuoles. In diatoms, the presence of
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metabolical silicon constitutes an additional advantage as this element is an efficient
sorbent of metallic ions (Tsiourvasa et al., 2013). Other mechanisms used to reduce the
detrimental effects of metal ions inside the cell are the use of specialized proteins and
antioxidants (Cobbett & Goldsbrough, 2002) that act as metal-chelators (Cumming &
Gregory, 1990; Cardozo et al., 2002; Conner & Schmid, 2003). These molecules are highly
regulated and closely depend on the individual tolerance and "self-cleaning" mechanisms

of the organism (Cumming & Gregory, 1990; Rosen, 1996).

Biosorption (i.e. the property of biomass to bind and concentrate heavy metals from
aqueous solutions) is perhaps one of the most attractive applications for algae cultures
in present times (Simkiss & Wilbur, 1989). A biphasic process comprised of adsorption
followed by absorption with accumulation. The first by means of extracellular materials
(e.g. polysaccharides and mucilage) and cell wall components (e.g. carboxyl and hydroxyl
groups) in a non-metabolic process which is a fast response to high levels of stressors
in the environment (Naja & Volesky, 2011; Kaplan, 2013). The second phase takes place
in the cytoplasm. A slow enzyme-led process involving active transport through the cell
membrane and binding proteins as intracellular counterparts to the ionic presence of
metallic species (Wilde & Beneman, 1993; Naja & Volesky, 2011; Kaplan, 2013).

Since the early 1990s, the number of publications related to biological processes for
metal removal increased and showed a growing interest in the potential of microalgae to

be used as biosorption routes (Perales-Vela et al., 2006; Kaplan 2013).
2.3 Biomineralization

Biomineralization is the process used by biological organisms to form minerals in a
controlled fashion instead of abiotic forces interacting with chemical species (Perkins,
2002). The interest in understanding processes that regulate the mineralization under
organic control has increased with the improved knowledge of biochemical systems
(Weiner & Dove, 2003).

Fossil evidence suggests that these interactions started approximately 3.8 billion years
ago with metamorphic rocks found in Isua, Greenland, that showed the carbon within was

deposited by bacterial species (Crick, 1989) and over several geologic periods, both
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prokaryotic and eukaryotic organisms developed the capacity to shape minerals (Weiner
& Dove, 2003). As an example, it is now hypothesized that autotrophic bacteria may have

been responsible for the pyrite sediments of the Archaean period (Crick, 1989).

Biomineralization and archaic biomineralizing organisms contributed to the development
of more sophisticated organisms and adaptations. For instance, the action of sulfur
autotrophic bacteria led to a more stable and milder environment for evolutionary
success as sulfate was reduced to produce oxygen under conditions presently found
close to volcanic vents in the ocean, typical of ancient environments (Crick, 1989; Dahl &
Friedrich, 2008). This newly acquired source of oxygen decreased the discharge of
methane and carbon dioxide from ferrous iron cycling and subsequently, lowered the
concentration of atmospheric greenhouse gases and helped reduce atmospheric
temperatures (Crick, 1989) and apparently, this ability of bacteria to reduce sulfate was a
prerequisite for an oxygen-rich atmosphere and the evolution of eukaryotes and
metazoan organisms (Garrels, 1989). The evolution of biomineralization mechanisms,
benefited the prehistoric ocean as the buildup of calcium deposits was paramount on the
advent of multicellular life through biocalcification (Kempe et al., 1989). Most minerals
identified to date appear to be the result of abilities that evolved over 500 million years

ago in a variety of taxonomical groups (Knoll, 2003).
2.3.1 Definition of biomineral

A biomineral is a mineral produced by a living organism, via combination of both organic
and inorganic constituents under controlled conditions (Weiner & Dove, 2003; Skinner &
Ehrlich, 2014). Biochemical control allows the production of materials with enhanced
properties (e.g. shape, size, elemental composition, crystalline structure) that would be
unlikely displayed in geologically or inorganically formed equivalents (Crick, 1989; Chen
et al., 2004; Skinner & Ehrlich, 2014). A wide variety of elements can be found in
biominerals with calcium as the most abundant ion present in biominerals (Gonzalez-
Mufioz et al.,, 1996; Naka, 2007; Wei et al., 2007) and one of the most important ions
associated with metabolism (Wilbur & Simkiss, 1979; Simkis, 1984; Simkiss & Taylor,
2001). Other minerals include silicon, employed by different taxonomical groups both for
structure and defense (Scroder et al., 2008; Tesson & Hildebrand, 2013; Skinner & Ehrlich,
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2014), iron (magnetite and others), phosphorous (phosphates), and sulfur (sulfates).

Two key aspects of biomineralization are specificity (ions and conditions) and
replicability (Bauerlein, 2003; Sumper et al., 2005; Skinner & Ehrlich, 2014). Research is
aiming to understand the biochemical regulation of these processes. For example, it is
known that approximately 60% of all biogenic materials including all known silicon-based
biominerals, contain water or hydroxyl groups (Weiner & Dove, 2003). There is compiling
evidence of a considerable number of carbonate biominerals undergoing a preliminary
hydrated phase (Beniash et al., 1997; Treves et al., 2003; Metzler et al., 2008), which is
consistent with a reduction in energetic barriers in aqueous solutions. This phenomenon
is a possible explanation for the high degree of intricacy achieved by biominerals when
compared to inorganically formed counterparts. At the nano and microscopic level, these
structures and levels of complexity, visible throughout micro and macroscopic
organisms, would require extensive research and development to replicate using human-
made approaches. Another key characteristic is the presence of organic materials (e.g.
collagen, chitin) bridging the compound mineral crystals clusters (Beniash et al., 1999;
Treves et al., 2003; Metzler et al., 2008).

2.3.2 Evolution of biominerals

Evolution aided in the development of locations and mechanisms within organisms to
enable the biomineralization process, guaranteeing the availability of minerals in
sufficient quantities for cytoplasmic machinery to collect these minerals into matrixes
(Wilbur & Simkiss, 1979; Kroger & Poulsen, 2008a; Annenkov et al., 2013) with ions
flowing by passive diffusion or active pumping, facilitated by diverse mechanisms, such
as the action of membrane or transport proteins, osmotic differentials, and pH regulation
(Vrieling et al., 2005; Matsunaga et al., 2007; Durkin et al., 2016).

Biomaterials can be generated either by biologically induced or controlled mineralization
(Hubler, 2010). When biological activity results in mineral precipitation, biomineralization
is a secondary outcome usually which involves cell surfaces producing the nucleation of
mineral growth (Weiner & Dove, 2003). These processes often occur without metabolic

control and are the result of responses to regulate environmental conditions (e.g. pH, ion
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concentration, temperature) and the presence of specific substances (Wang & Miiller,
2009; Li et al., 2013; Moisescu et al., 2014). Some organisms can use a complex system
involving morphology features and intracellular processes to mineralize (Li et al., 2013;
Livingston et al., 2006; Bauerlein, 2003); the outcome is controlled not by environmental
conditions, but biochemically and is usually constrained to an isolated structure (Li et al.,
2013; Wang et al.,, 2009; Ehrlich, 2010). Consequently, the degree of complexity and
replicability in these processes are remarkable, and these organisms and the
mechanisms regulating this type of mineralization are increasingly becoming a research

target. These processes can occur extracellularly, internally or intracellular.

In extracellular mineralization, a cell produces a three-dimensional extracellular matrix
(e.g. polysaccharide or glycoprotein) and transfers materials into this array either via ionic
pumps in the membrane (Wilbur & Simkiss, 1979; Simkiss, 1984; Simkiss & Wilbur, 1989)
or vesicle-release into the adjacent structure (Anderson et al., 1970; Cassella et al., 1996;
Beniash et al., 1999), in either case, the cell is actively supplying ions to the matrix. This
type of mineralization is characteristic in foraminifera, mollusca, bryozoa, and metazoa
(Wilt, 2005; Griesshaber et al., 2007; Skinner & Ehrlich, 2014).

Intracellular mineralization typically occurs in colony-forming or community-living
unicellular organisms, often confused with extracellular mineralization, because the
structure lies on the outskirts of the cellular protoplasm. However, the outer membrane
of the organism functions as the isolating site for the mineralization process to advance,
while the organism regulates the shape of the mineral (Borowitzka & Larkum, 1974;
Borowitzka, 1982).

Finally, when mineralization occurs within a specialized structure of the cell protoplasm,
the process is said to be intracellular, a common strategy among several taxonomical
groups. The cell has high control over all conditions regulating the process (e.g.,
concentration of ions, pH, salinity, proteins, trace metals) and generates quite intricate
structures, such as shells of diatoms and radiolarians, exoskeleton of echinoderms (Wilt,
2002; Finkel & Kortc, 2010; Not et al., 2012). The cell walls (frustules) of diatoms are an
excellent example of the intricacy and replicability of controlled intracellular

mineralization. Nonetheless, not all structures with an intracellular origin protrude outside
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the protoplasm. For some organisms, this mechanism produces vital structures within
the cell membrane, e.g. magnetotactic bacteria (Kirschvink et al., 1996; Matsunaga et al.,
2007; Kolinko et al., 2016).

2.3.3 Biomineralization in microorganisms

All major taxa have organisms with the capacity to produce biomineralized materials or
structures. Table 2.2 provides a general summary of research work on each taxon (i.e.

group), the element or material that is produced, and the structures responsible for the

process. Additionally, it provides a list of references for further reading.

Table 2.2. Biomineralization in biological organisms.

Group

Chemical compounds

Structures

Sources

Bacteria

Metal carbonates, silicates, magnetite,
selenium, cadmium, silver, gold,
platinum, zinc, mercury, cobalt

Mineral deposits

Lowenstam, 1981;
Skinner & Ehrlich, 2014

Foraminiferida Aragonite, calcite (CaCO,) Shells Ellis, 1940; Skinner &
Ehrlich, 2014
Calcareous Algae CaCo, Carbonate deposits, | Borowitzka & Larkum,
endodermal cell deposits | 1976; Skinner & Ebhrlich,
for coral reefs 2014
Coccolithophores CaCo, Coccoliths Sawada & Shiraiwa, 2004;
Skinner & Ehrlich, 2014
Stremenopiles (i.e. | Si0,nH,0 Frustules Falciatore & Bowler, 2002;
diatoms) Kroger, 2007; Skinner &
Ehrlich, 2014
Radiolaria Si0,nH,0, CaSO,2H,0 Outer shell/skeleton Skinner & Jahren, 2007;

Suzuki & Aita,
Skinner & Ehrlich, 2014

2011;

2.3.3.1 Bacterial

Bacteria are one of the earliest organisms on Earth (Dobrestov et al., 2008). Several
groups of bacteria are responsible for paleontological mineral deposits and a wide range
of mineralization processes (Lowenstam, 1981) including those involving metal
carbonates (Chen et al., 2009; Kim et al., 2011; Liang et al., 2013), silicates (Likhoshway
et al., 2008; Jaroch et al., 2011; Ni et al., 2008) and other elements such as magnetite
particles (Prozorov et al., 2013; Lang & Schiiler, 2008; Iwahori et al., 2014), selenium
(Lloyd et al., 2008; Butler, 2012; Lenz et al., 2011), cadmium (Okuda et al., 2010), silver
(Naik et al., 2002; Malhotra et al., 2013), gold (B&uerlein , 2003; Malhotra et al., 2013;
Fairbrother et al., 2013), platinum (B&uerlein, 2003), zinc (Naik et al., 2002; Yan et al.,
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2009), mercury (Tazaki, 2013), and cobalt (Prozorov et al., 2013; Shim et al., 2011; Wolff
et al,, 2012).

Bacteria can act upon mineral species in mild and harsh conditions (Li et al., 2013; Furey
& Liess, 2013). Cyanobacteria is an example which can inhabit even the harshest of
environments (e.g. thermal springs) and has generated great interest for research
(Benning et al., 2004; Amores et al., 2009; Skinner & Ehrlich, 2014). Cyanobacteria can
produce extracellular amorphous deposits of silicon in polysaccharide casings (Weiner &
Dove, 2003; Benning et al., 2004) although they lack the specific differentiation and

control seen in diatoms and porifera.
2.3.3.2 Foraminiferida

Analysis of foraminifera residues yields copious chronological and environmental
information in biostratigraphy (Skinner & Ehlrich, 2014). There are over 4,000 extant
(mostly benthic) and around 30,000 extinct known species of foraminifera (Ellis, 1940).
The material attached to the shell defines the divisions of foraminifera (Ellis, 1940;
Skinner & Jahren, 2007; Skinner & Elrich, 2014). Some species (e.g. organisms from the
Allogromia) insert environmental materials into a membranous shell, with some material-
specific species, others attach any minerals found in the medium (acidic cementation on
a protein matrix) using pseudopodia (Roberts & Murray, 1995; Skinner & Elrich, 2014) and
others use highly complex mineralized shells (tests) made of aragonite- or calcite-based
minerals (De Nooijer et al., 2014). Finally, some coexist symbiotically with photosynthetic
organisms, e.g. dinoflagellates and chlorophytes (Martin, 1996), while the symbionts

handle most of the mineralization process (Brummer et al., 1987; Doo et al., 2014).
2.3.3.3 Calcareous algae (green, coralline, red algae), and dinoflagellates

Some species of algae produce intercellular sheaths (e.g., Halimeda sp. — Borowitzka &
Larkum, 1976; Udotea sp. — Nakatsu et al., 1981; Kleypas & Yates, 2009), filament or
blade-like calcified structures (e.g. Penicillus sp., Rhipocephalus sp., some Udotea sp. —
Kleypas & Yates, 2009), all triggered by photosynthesis induced pH changes at the

calcification site (Borowitzka, 1981; Borowitzka 1982).
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Dinoflagellates are calcifying organisms with approximately 2,000 mostly free-living
heterotrophic and some parasitic species (Godhe et al., 2008). The former are important
primary producers in coastal environments (Koumandou et al., 2004; Valiadi et al., 2012;
Marcinko et al., 2013), and most species from the latter are symbionts with corals (e.g.,
Symbiodinium sp. in endodermal cells of corals) having little or no direct contact with the
surrounding environment (Farrant et al.,, 1987; McGinty et al., 2012; Weber & Medina,
2012).

2.3.3.4 Coccolithophores

Organisms of the algae phylum Haptophyta (approximately 500 marine species) handle
approximately 50% of CaCO3 deposition on Earth. The term coccolithophore derives from
the calcite scales (coccoliths) that cover the cell. Emilliania huxleyi, their best-known
representative, is highly abundant and a critical component of the ocean equilibrium
because it fixes environmental carbon via mineralization and photosynthesis (Sawada &
Shiraiwa, 2004; Vasconcelos et al., 2004; Not et al., 2012). Coccolithophorid blooms
influence local climate because the optical properties of the organisms can reflect
sunlight and block the entrance of heat into the water column (Hovland et al., 2014). In
some cases, the rate at which inorganic carbon is fixed (CaCO3) can be comparable to

that of photosynthetic carbon (Moheimani et al., 2011; Moheimani et al., 2012).
2.3.3.5 Stramenopiles (diatoms)

Silicon biomineralization is perhaps one of the most exciting processes studied to date.
Diatoms (Bacillariophyta) are the major component of phytoplanktonic communities.
Around 100,000 species (marine, freshwater, and terrestrial) handle over 40% of the total
marine primary productivity (Drum & Gordon, 2003; Not et al., 2012; Fon Sing et al., 2013),
and are the dominant group regulating oceanic silicon cycles (Ragueneau et al., 2006;
Likhoshway et al., 2008; Fields et al., 2014). The interest in silicon mineralization in
diatoms comes from the intricate structure and high reproducibility of the frustule, the
latter being the source of taxonomic differentiation and a source of an incredible amount
of shapes and functionality with potential industrial applications. The frustule

manufacturing process involves several steps. The first step is the accumulation of
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silicon by active transportation by membrane proteins known as Silicon Transporters or
SiTs (Falciatore & Bowler, 2002; Brunner et al., 2009; Durkin et al., 2016). As the silicon
content increases within the protoplasm, transport vesicles (STVs) feed the deposition
of silicon in the deposition vacuole (SDV) where the new frustules will form (Hazelaar et
al., 2005; Kroger & Pulsen, 2008b; Annenkov et al., 2013). A group of proteins known as
silaffins combined with polyamines regulates this deposition (Poulsen & Kroger, 2004;
Armbrust, 2009; Poulsen et al., 2013). A more detailed explanation of the process of

frustule formation will be presented in detail later.
2.3.3.6 Radiolaria

Radiolaria (Rhizaria) manufacture an intricate outer shell made of silicon (Spumellaria
and Nassellaria) or other materials, e.g. strontium sulfate in Acantharea (Suzuki & Aita,
2011). Their structures help distinguishing between taxonomic entities within the group
and identify organisms (Ben Fadhel et al., 2014). These organisms take monomeric silicic
acid and by dehydration and polymerization processes produce an opal-based shell with
different hardness levels (Skinner & Jahren, 2007; Skinner & Ehrlich, 2014). It is common
to study the uptake rates and levels of polymerization and dehydration in organisms by
substituting silicon with germanium, i.e. Si(OH), with Ge(OH), (Skinner & Ehrlich, 2014).

2.4 Organisms in nanotechnology

From Greek, “nano” means dwarf and the Sl defines one nanometer as one billionth of a
meter (1 nm = 1 x 10° m). As mentioned before, nanotechnology deals in sizes of a
thousandth of a micron or a millionth of a millimeter so to be clear, only objects of 6 to
29 pm can be seen by good eyes at a focal distance of roughly 100 mm with an average
maximal acuity of 0.4 to 1 MAR (i.e. Minimum angle of resolution defined by Kalloniatis
& Luuy, 2007). Although modern interest in nanotechnology circa the 1960s after a lecture
by Richard Feynman entitled “There’s Plenty of Room at the Bottom” (Feynman, 1959),
the use of nanotechnology is not new and can be traced to ancient civilizations (Daniel &
Astruc, 2004; Paul & Chugh, 2011; Krishnaswamy, 2015).

The advent of nanotechnology has its origins in 400 BC, when Leucippus and Democritus

proposed the atom as a discrete, indestructible, and fundamental particle composing
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matter (Fitzpatrick, 2006; Malpas, 2012; Redmond, 2014). Two millennia after that
depiction (1803), John Dalton took the concept once more and built a theory around it
(Dalton, 1808) that was dominant for nearly a century until in 1897, when J. J. Thomson
discovered the charged particles that constitute the atom (Thomson, 1904). Nearly three
decades later (1926), Schrodinger formulated the wave equation, a series of differential
equations that described the properties of electrons assuming these particles exist as
waves, this opened the new train of thinking about atoms as mathematical equations
instead of concrete structures (Schrodinger, 1926). One year later, Heisenberg derived
the Uncertainty Principle which has significant implications for small particles as to the
more precise the determination of the position, the less precise the knowledge of the
momentum and vice versa. Within one year (1927), the Solvay Physics Conference, held
in Brussels, Belgium brought forward the contributions of Schrodinger, Heisenberg,
Planck, de Broglie, Einstein, Bohr, Oppenheimer, and Dirac to the field of quantum

mechanics (Bohr, 1961; Bacciagaluppi & Valentini, 2009).

At this point in time it was more accepted that matter has different properties at the
microscopic and macroscopic levels and laws of physics and chemistry that applied to
large masses were not equivalent for small particles such as electrons. Four years later
Knoll and Ruska (1931) invented the first electron microscope (Freundlich, 1963; Ruska,
1979; Ruska, 1987), and five after that Miiller (1936), invented the field emission
microscope (FEM). Almost two decades later Miiller (1951) invents the field ion
microscope (FIM) which allowed them to first experimentally observe atoms in 1957. As
mentioned before, in December 1959 Feynman delivers the classic talk “There’s Plenty of
Room at the Bottom” opening the doors to the new field of physics, at the annual meeting
of the American Physical Society at Caltech (Feynman, 1959). In his talk, Feynman
suggested the manipulation of individual atoms and molecules to manufacture novel
materials and structures, and challenged the audience to print a book page on an area of
1/25,000 smaller in linear scale to the original, and manufacture a rotating electric motor

that could be controlled from the outside with a size of an 1/64-inch cube.

In 1960, McLellan collected the check from Feynman’s challenge by building a motor that

met the conditions (Lyshevski, 2005). Five years later, Moore (1965) predicted that the
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number of circuits on a silicon chip would double every year and modified the prediction
in 1975 to every 18-24 months, on what is now known as “Moore’s Law,” just one year
after Taniguchi (1974) coined the term “Nanotechnology.” Six years later, Binning and
Rohrer (1983, 1984, 1986, 1987) invented the scanning tunneling microscope (STM)
based on the properties of electrons and has the potential to pick and move individual
atoms and molecules to construct nanoscale objects (Binning & Rohrer, 1987). The same
year Drexler (1981) publishes the first scientific paper on molecular nanotechnology. Four
years later, and 25 years after the challenge was put forth, Newman reduced the size of
the first page of “A Tale of Two Cities” by Charles Dickens to 1/25,000 of its size using a
focused electron beam to carve the letters on the substrate (Gribbin & Gribbin, 1997). In
the same year, an allotrope of carbon (i.e. buckminsterfullerene) was discovered by
Smalley, Curl, and Kroto. This allotrope was the basis for the construction of carbon

structures known as nanotubes (Kroto, et al., 1985).

The next year, Binning, Quate, and Gerber invented the atomic force microscope (AFM), a
modification of the STM where a tip meets the surface under analysis (Binning et al.,
1986), and the Nobel prize was divided among Ruska for the invention of the first electron
microscope, and Binning and Rohrer for the invention of the STM (Nobel Media, 2017).
Three years later, Eigler became the first person to move and control individual atoms
spelling “IBM” with xenon atoms on the surface of nickel, and 35 individual xenon atoms
were used to spell the name of the company using STM with an unprecedented precision
(Eigler & Schweizer, 1990). One year after this feat, the first global peer-reviewed journal
in nanoscale science and engineering (i.e. “Nanotechnology”) was launched in the UK. In
1991, the EPA coined the term “Green Chemistry” which later was complemented by the
postulation of the 12 principles of Green Chemistry (Anastas & Warner, 2000; Abraham &
Nguyen, 2003; Anastas & Zimmerman, 2003). In the same year (1990) lijima discovered
the presence of carbon nanotubes in soot after vaporization of carbon in an electric arc
(liima, 1991). In 1995, Choi and Eastman proposed that nanoparticles have the potential
to enhance thermal conductivity in some fluids and opened the door for the research of
nanofluids (Choi & Eastman, 1995). One year later, Curl, Kroto, and Smalley shared a

Nobel prize in chemistry for their work on fullerenes (Nobel Media, 2017), and IBM'’s
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James Gimzewski and his team created the first “atomic” abacus (Cuberes et al., 1996).
Four years later, the National Nanotechnology Initiative (NNI, 2016) was launched by the
U. S. Government and several universities and research institutes made plans and created
nanoscience and nanotechnology centers (e.g. MINATEC, Grenoble, France; National
Center for Nanoscience and Technology, Beijing, China; National Applied Research Labs,
Hsinchu, Taiwan; National Institute for Nanotechnology, Alberta, Canada). From that date
forward, the number of publications and articles related to the subject of silver
nanoparticles has reached over 12,000 in Web of Science, 37,000 in Scopus and 970,000
in Google Scholar, with over 2,500; 11,000; and 400,000 devoted to the synthesis of
nanoparticles for Web of Science, Scopus and Google Scholar respectively, and 1, 7, and
325 publications directly referencing the term “silver nanoparticle” and the algae P.
tricornutum, for the mentioned publications, although not closely related with synthesis
but biotoxicity of the material on the algae and three of them reviews (Web Of Science,
2017; Scopus, 2017; Google Scholar, 2017). A list of some terminology related to
nanotechnology, taken from the ASTM E 2456-06 standards, can be seen in Appendix I.

Nevertheless, the use of silver nanoparticles in different industries and applications is not
new. According to Nowack, et al. (2011) humans have used silver nanoparticles for more
than 120 years, and scientific work targeted them as objects of interese since long before
the term “nano” started to appear in the nomenclature of articles in recent years. Metallic
nanoparticles have been the center of attention in contemporary researches due to their
size-, shape-, and crystal structure-specific physical, chemical, electronical, and optical
properties, which differ substantially from those of their bulk sized counterparts (Sau &
Rogach, 2012; Krisnaswamy, 2015). Among the choices of metallic elements, iron (Fe),
copper (Cu), zinc (Zn), palladium (Pd), silver (Ag), cadmium (Cd), platinum (Pt), and gold
(Au), are some of the most commonly synthesized metallic nanoparticles (Rodriguez &
Ferndndez-Garcia, 2007; White et al., 2009; Makarov et al., 2014). A range of
microorganisms, including diatoms, have been reported to synthesize nanoparticles of
different types, such as gold, silver, magnetite, selenium, tellurium, cobalt oxide, cadmium
sulfide (Table 2.3).
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Table 2.3. Synthesis of nanoparticles by microorganisms (Mandal et al., 2006; Narayanan
& Sakthivel, 2010; Hulkoti & Taranath, 2014).

Type of
nanoparticle

Organism

Cadmium sulfide
and selenide

Bacteria: Clostridium thermoaceticum, Gluconoacetobacter xylinus, Klebsiella aerogenes, Rhodopseudomonas palustris,
Escherichia coli, Klebsiella pneumoniae

Actinomycetes, yeast, and fungi: Candida glubrata, Schizosaccharomyces pombe, Coriolus versicolor, Fusarium
oxysporum (both)

Virus (viral capsid template): M13 bacteriophage, Tobacco mosaic virus (TMV)

Cyanobacteria and algae: Phaeodactylum tricornutum

Gold and gold-
silver alloy

Bacteria: Escherichia coli, Klebsiella pneumoniae, Bacillus megatherium, Geobacillus sp., Marinobacter Pelagius,
Plectonema boryanum, Rhodobacter capsulatus, Rhodopseudomonas capsulate, Thermomonospora sp., Shewanella
algae, Bacillus subtilis, Pseudomonas fluorescens, Lactobacillus sp. (both), Pseudomonas aeruginosa

Actinomycetes, yeast, and fungi: Aspergillus oryzare, Colletotrichum sp., Pichia jadinii Rhodococcus sp.,
Thermomonospora sp., Trichothecium sp., Verticilum luteoalbum, Yarrowia lipolytica, Schizosaccharomyces cerevisiae,
Volvariella volvdcea (both), Fusarium oxysporum (both), Verticillium sp.

Virus (viral capsid template): M13 bacteriophage, Tobacco mosaic virus (TMV)

Cyanobacteria and algae: Anabaena sp., Calothrix sp., Chlorella sp., Chlorella vulgaris, Coelastrella sp., Diadesmis gallica,
Gracilaria corticata, Leptolyngbya sp., Lyngbya majuscule, Microcoleus chthonoplastes, Navicula atomus

Navicula minima, Padina gymnospora, Phormidium valderianum, Phormidium willei, Plectonema boryanum,
Rhizoclonium fontinale, Rhizoclonium hieroglyphum, Rhizoclonium riparium, Sargassum wightii, Spirulina platensi,
Spirulina subsalsa, Steochespermum marginatum, Tetraselmis kochinensis, Tetraselmis suecica, Turbinaria conoides,
Ulva intestinalis, Chondrus crispus, Spyrogira insignis

Lead sulfide

Bacteria: Rhodobacter sphaeroides
Actinomycetes, yeast, and fungi: Torulopsis sp.
Virus (viral capsid template): Tobacco mosaic virus (TMV)

Magnetite

Bacteria: Actinobacter sp., Aquaspirillum magnetotacticum, Geobacter metallireducens, Magnetospirillum,
Magnetospirillum magnetotacticum, Magnetospirillum gryphiswaldense, Thermoanaerobacter ethanolicus
Actinomycetes, yeast, and fungi: Fusarium oxysporum, Verticillium sp.

Virus (viral capsid template): Tobacco mosaic virus (TMV)

Others

Bacteria: Brevibacterium casei (cobalt oxide)
Actinomyvetes, yeast, and fungi: Fusarium oxysporum (zirconia,
Schizosaccharomyces cerevisiae (antimony oxide)

strontium carbonate, bismuth oxide),

Palladium

Bacteria: Desulfovibrio desulfuricans, Shewanella oneidensis

Platinum

Bacteria: Shewanella algae, Pseudomonas boryanum
Actinomycetes, yeast, and fungi: Fusarium oxysporum

Selenium

Bacteria: Pseudomonas aeruginosa, Bacillus selenitireducens, Sulfospirillum barnesii, Selenihalanaerobacter shriftii
Actinomycetes, yeast, and fungi:

Silicon and

silicon oxide

Actionomycetes, yeast, and fungi: Fusarium oxysporum
Virus (viral capsid templeate): Tobacco mosaic virus (TMV)
Cyanobacteria and algae: Stauroneis sp

Silver and silver
sulfide

Bacteria: Escherichia coli, Klebsiella pneumoniae, Bacillus subtilis, Pseudomonas fluorescens, Lactobacillus sp.,
Pseudomonas aeruginosa, Acetobacter xylinum, Aeromonas sp., Arthrobacter gangotriensis, Arthrobacter kerguelensis,
Bacillus sp., Bacillus cereus, Bacillus indicus

Bacillus licheniformis, Bacillus stearothermophilus, Corynebacterium sp., Enterobacter cloacae, Morganella sp.,
Pseudomonas Antarctica, Pseudomonas meridian, Pseudomonas proteolitica, Salmonella typhirium, Staphylococcus
aureus, Pseudomonas stutzeri, Pseudomonas stutzeri (sulfide)

Actinomycetes, yeast, and Fungi: Coriolus versicolor, Volvariella volvacea, Fusarium oxysporum, Verticillium sp.,
Alternaria alternate, Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger, Cladosporium cladosporioides,
Fusarium acuminatum, Fusarium semitectum, Fusarium solani, MKY3 (Yeast strain), Penicillium brevicompactum,
Penicillium fellutanum, Phanaerochaete chrysosporium, Phoma glomerata, Phoma sp., Rhizopus nigricans, Trichoderma
asperellum, Trichoderma viride

Cyanobacteria and algae: P. Tricornutum, Chondrus crispus, Spyrogira insignis, Stauroneis sp., Aphanocapsa sp.,
Aphanothece sp., Caulerpa racemose, Colpmenia sinusa, Gleocapsa sp., Jania rubins, Lyngbya sp., Microcoleus sp.,
Ocillatoria sp., Phormidium sp., Pithophora oedogonia, Pterocladia capillacae, Spirulina sp., Spyrogira varians,
Synechococcus sp., Ulva fasciata

Tellurium

Bacteria: Bacillus selenitireducens, Sulfospirillum barnesii

Titanium and
barium titanate

Bacteria: Lactobacillus sp.
Actinomycetes, yeast, and fungi: Fusarium oxysporum (both)

Uranium oxide

Bacteria: Shewanella oneidensis, Desulfosporosinus sp.

Zinc sulfide and
zinc oxide

Bacteria: Desulfobacteriaceae, Rhodobacter sphaeroides
Actinomycetes, yeast, and fungi: Aspergillus terreus
Virus (viral capsid template): M13 bacteriophage
Cyanobacteria and algae: Sargassum muticum (oxide)
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Combining the pillbox-like cell wall of diatoms with the capacity of production of
nanoparticles would open a range of options in biotechnology. A better understanding of
the complex array of biochemical processes required to produce nanoparticles, together
with the diatoms ability to regulate environmental conditions are required (Parkinson &
Gordon, 1999).

There are two ways of approaching the manufacture of nanomaterials and
nanostructured materials: the top-down and the bottom-up approaches. The first based
on the reduction of bulk sized materials to nanosize, that would be equivalent to obtaining
a brick from the destruction of a fully built wall, while the second would manufacture the
brick out of clay, sand, water and heat (Pacioni et al., 2015). In the case of AgNPs,
elemental silver, either metallic or ionic, would be used to produce the final particle cluster
of either silver oxide or metallic silver. For the production using a bottom-up approach,
different pathways can be followed, either via gaseous, liquid, solid phase manipulations,

or biological methods (Pacioni et al., 2015).
2.4.1 Synthesis of nanoparticles

Nanoparticles can be synthesized via physicochemical methods, or a biogenic
alternative. The first set includes those methods that take advantage of the chemical and
physical properties of the element or compound that is targeted for manufacturing. In the
case of the biogenic alternatives, these reactions can be optimized by the action of
organisms either because of the manufacture of assistant compounds or via direct

enzymatic action.
2.4.1.1 Chemical reduction

The reduction of the corresponding cation is a straightforward method to obtain a
specific metal nanoparticle. The reaction is generally carried in solution and the final
product has colloidal characteristics. This process is known as co-precipitation and
involves the concurrence of different phenomena; reduction, nucleation, growth,
coarsening, and agglomeration (Cushing et al., 2004). The large electropositive reduction

potential of silver (E’= + 7.99 V, Vanysek, 2004) allows for the use of several reducing
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agents (e.g. hydrazine, sodium citrate, sodium borohydride, hydroquinone) as the AE® is

higher than zero in each case (AE® > 0).
2.4.1.2 Hydroquinone

Oxidation with hydroquinone (HQ) involves an electron transfer (2e”) and a protonic loss
(2H") (Hudnall, 2000) and can reduce Ag® to obtain AgNP. The higher concentration of
HQ produces smaller sizes (10 — 30 nm) and diluted concentrations of HQ produce larger
and more polydisperse AgNP of up to 200 nm. These observations are valid for AQNO3
as precursor in a completely solvated Ag+ solution as compared to a complexed Ag” (e.g.
[Ag(NHs),] “in the presence of counter ions (e.g. ClI") and monodispersity of particles (~14
nm) is achieved (Pérez et al., 2008). The process follows a three-stage mechanism that
starts with the exothermic nucleation (reduction) of the Ag+ to produce silver clusters
(~2.6 nm) process followed by an endothermic growth (~4.1 nm) and a final exothermic
aggregation stage after further addition of HQ to reach the final size of 11 nm (Patakfalvi
& Dekany, 2005). Gallic acid can be used as its oxidation produces a quinone form with a
E° = 0.5V (Yoosaf et al., 2007).

2.4.1.3 Sodium borohydride

Polte et al. (2012) developed a four-step mechanism for the growth of AgNP by reduction
with NaBH,. The first step involves reduction (<200 ms) of Ag* to Ag®, forming dimers,
trimers and other atom-based clusters. The second stage, coalescence of these clusters
(~5 s), generates small particles (2-3 nm). The third stage, constant-sized stage (5 — 10
min), generates particles that cluster in similar sizes (i.e. metastable state). Finally, a
second coalescence stage (30 — 60 s) renders the last AQNP (5 — 8 nm). If colloidal
stability is achieved during the intermediate metastable stage it is possible to stop further
growth due to particle aggregation, and as the borohydride hydrolyzes it is added in
excess to prevent losses or reduction in the stoichiometry values. The silver
nanoparticles can undergo partial oxidation producing oxides and thus decrease the
electrostatic stabilization of the AgNP causing aggregation. Enough BH,™ can reverse the
oxidation (Wuithschick et al., 2013). In some cases, plyvinylpyrrolidone (PVP) is used to

decrease the polydispersity between 15 to 20% (Polte et al., 2012).
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2.4.1.4 Citrate anion

Using sodium citrate, Turkevich et al. (1951) produced gold nanoparticles at boiling
temperatures by the reduction of AuCl,”, developing what is now known as the
Turkevich’s method. It is now known that citrate reduce the metal cation and stabilizes
the resulting nanoparticle. The citrate anions act at early stages complexing Ag." dimers
and modulate the particle growth and the slow rate of the reduction method contributes
to the formation of larger AgNP (50 — 100 nm), and after the first particle seeds are
formed the anions complex to the surface of the metal decreasing the amount of
available citrate and the amount of Ag® that can be reduced diminishes, and fewer seeds
are formed and the initial particles start to grow via Ostwald ripening and the larger
particles grow at the expense of the smaller ones, and a longer time is required to reduce
the total concentration of Ag® in the solution when this method is applied (Pillai & Kamat,
2004). To control the size (30 nm), glycerol (40% V/V) can be added to reduce medium
polydispersity without affecting the spherical shape, however, reduction rates are known
to be slower (Steinigeweg & Schliicker, 2012). In the presence of NaOH, crystalline silver
nanowires are made instead of silver nanoparticles, probably a consequence of the
interference of the hydroxide ion with the association of citrate and silver (Caswell, et al.,
2003)

2.4.1.5 Organic solvents

Synthesis of metal nanoparticles using organic solvents have advantages (e.g. high yield,
narrow size distribution) and in some cases, the solvent itself can act as a reducing agent
(Pastoriza-Santos & Liz-Marzan, 1999; Sun, 2013). It is possible to control the size, shape,
and structure of the particles via the use of higher temperatures and different stabilizing
agents (Pastoriza-Santos & Liz-Marzan, 1999; Pastoriza-Santos & Liz-Marzéan, 2002;
Rodriguez-Gattorno et al., 2002).

2.4.1.5.1 Polyol method: shape-controlled synthesis

The polyol method for synthesis of nanoparticles begins by reducing a metal salt known
as a precursor using a polyol (e.g. ethylene glycol — EG), which acts as a reduction agent

and solvent (Wiley et al., 2004). The reaction occurs at higher temperatures (~160°C for

59



EG) and a capping agent is added to prevent agglomeration, e.g. PVP (Wiley et al., 2004).
The polyol oxidizes to an aldehyde species resulting in a change of the oxidation potential
and the reduction power becomes highly dependent on temperature, providing an ability
to control nucleation and growth by choosing the reaction temperatures (Wiley et al.,
2005). Different temperatures of the reaction will result in the synthesis of different
shaped particles (e.g. nanocubes, nanowires, and nanospheres). It was suggested that
temperature changes can alternate the morphology between a kinetically stable single
crystal (sc) and a thermodynamically stable twinned (tw) particle during the early stages
of the growth (Wiley at al., 2004, Wiley et al., 2005). The combination of different
conditions at different stages of growth of the particle can produce different shapes, e.g.
a high concentration of AgNOs (0.125 — 0.25 M) with low PVP to Ag" ratio (~1.5) can
promote the formation of nanocubes given that the possibility of obtaining tw is reduced
and sc particles are the predominant shape thus producing cubic structures (Wiley et al.,
2005). The formation of nanowires or nanorods occurs when the concentration of AgNO;
is reduced to 0.085 M and the PVP:Ag" ratio remains constant (~1.5) with a reaction
temperature above 110°C. An increase in the PVP:Ag+ ratio by a factor of three (3)
overcomes the growth in a specific direction and the particle surface is covered by PVP
ending mostly in spherical shapes, as seeds follow an isotropic growth pattern (Wiley et
al., 2005).

2.4.1.6 Light-based, electrochemical, and sono-electrochemistry methods

Light selectively affects metal salts and has been used to produce modified materials
with high spatial resolution and close to no modification to the surrounding media. Light
approaches can be categorized both as top-down, i.e. photo-physical methods, and
bottom-up, i.e. photochemical methods (Rycenga et al., 2011; Sakamoto et al., 2009;

Stamplecoskie & Scaiano, 2012).

Photo-physical methods such as laser ablation using Nd-YAG lasers at 532 nm and
anionic surfactants (e.g. CnH2n+1S0sNa — n=8, 10, 12, 16 —, NaCl, silicon) are commonly
used in the preparation of AgNP with size particles that ranges between 11 nm or higher
(Mafuné et al., 2000; Bae et al., 2002; Tsuiji et al., 2008). Photochemical approaches differ

in that they target the reduction of the metal cation M* to M° by direct or indirect
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(photosensitized) photolysis (Pacioni et al., 2015), usually by the direct excitation of a
metal salt using high energy light sources (e.g. UV-light 254 nm) as the wavelength energy
would transfer electrons from a solvent molecule to an electronically excited state of the
metal form M* to form a reduced M° producing a highly stable mNP (Hada et al., 1976;
Xu et al., 2008; Scaiano et al., 2009). In either case, the general mechanism of NP
formation using photoreduction of a metal cation requires the use of solvent-assisted
disproportionation processes dependent on the metal used as a precursor and the use of
UV excitation, as most metal salts/cations only absorb wavelengths in this region, making
the manufacture of mNPs cost prohibitive as UV-light sources are more expensive and
not readily available (Pacioni et al., 2015). Photosensitized molecules (e.g. aromatic
ketones, polyatomic anions, organic dyes) capable of absorbing UVA-visible light (320 -
700 nm) act as intermediate factories (e.g. anions, solvated electrons, free radicals) that
will trigger the reduction of the M* to the M° form of the metal (Sakamoto et al., 2009).
Nonetheless, even when these primers can reduce the cost of raw materials for the
synthesis of nanoparticles, they are highly toxic and extremely reactive when poured to

the surrounding environment.

Another method for producing AgNP is the use of electrochemical reduction to generate
metallic particles via a platinum cathode and a silver anode in a tetrabutylammonium salt
solution (TBA bromide or TBA acetate) in an inert solvent (acetonitrile). A second option
is the use a platinum sheet as counter electrode for the electroreduction of AgNOs in
aqueous solutions with rotating platinum cathodes and PVP to stabilize the reaction and
agglomeration of the particles, and the addition of a surfactant (i.e. sodium dodecyl
benzene sulfonate — SDBS). Another electrochemical method associated with sonication
at 45°C in a media containing ultra-pure water, cyclohexane, acetone,
tetraoctylammonium bromide, and hexadecyltrimethylammonium bromide was
demonstrated by Jiang et al. (2004).

As mentioned before, the use of sonication combined with electrochemistry has become
increasingly important as an alternative, simple, and cost effective method to obtain
AgNP, and it is believed that the creation of microbubbles within the electrolyte is the

main driver in the optimization of the electrochemical synthesis when sonication pre-
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treatment is used (Reisse et al., 1994; Compton et al., 1997; Sdez & Mason, 2009), and

requires the use of stabilizers and electrolytes (Zhu et al., 2000; Pacioni et al., 2015).
2.4.2 Biogenic and transition to green alternatives for AgNP synthesis

With the advent of biotechnology, several research efforts have focused on the use of
organisms for the development of nanomaterials. Bionanotechnology, understood as the
intersection of nanotechnology and biology, has developed over the last two decades to
study biochemical pathways leading to the production of materials in the nanoscale
(Gazit & Mitraki, 2013).

According to a definition by Anastas and Warner (2000), Green Chemistry involves the
design and application of manufacturing processes aiming to reduce or eliminate the
consumption and creation of harmful and hazardous substances during the generation
of a chemical product. Accordingly, the definition carried the enunciation of twelve
principles to work as guidelines for the development and implementation of green
chemistry designs. The first principle enunciates that prevention of waste generation is
preferable to cleaning up after waste is created. The second principle builds on the
concept of atom economy by maximizing the incorporation of all materials used in the
process into the final product, or set of usable and readily isolated by products. The third
principle calls for the use of less hazardous chemical syntheses whenever practicable,
as to reduce the generation of substances that pose little to no toxic threats to human
health and the environment. The fourth principle calls for the design of safer chemicals
to minimize toxicity while being able to affect their intended function. The fifth principle
promotes the use of safer auxiliary substances (e.g. solvents, separation agents)
advocating to the avoidance of use when unnecessary or the possibility to make them
innocuous when used. The sixth principle champions the efficiency in the use of energy
trying to minimize the process overall expenditure and environmental and economic
impact, and when possible the use of ambient temperature and pressure for the synthesis
of the materials. The seventh principle advocates for the use of renewable feedstocks
whenever the possibility can avoid the use of depleting natural resources and is both
technically and economically feasible. The reduction of derivatives is the core concept of

the eighth principle, as intermediate or temporary modifications require additional
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reagents and potentially generates waste. The ninth principle enunciates that the use of
catalytic reagents with high selectivity is preferable to stoichiometric reagents. The tenth
principle calls for the design with degradation in mind, i.e. end-of-life mentality where at
the end of the function the product degrades or breaks down into innocuous products
that will not be persistent in the environment. The eleventh principle calls for the analysis
for pollution prevention to be made in real-time via the use of analytical methodologies
that can monitor and control prior the formation of hazardous substances. Finally, the
twelfth principle calls for the improvement of accident prevention by the development of
safer chemical substances that would minimize the potential for chemical accidents (e.g.

releases, explosions, fire).

Simultaneously, based on the twelve principles of green chemistry, scientists devoted to
the advocacy of green engineering developed a series of associated principles during the
Conference “Green Engineering: Defining the Principles” (Sandestin, Florida, May 2003),
known as “The Sandestin Declaration” (Abraham & Nguyen, 2003). The nine principles
dictate that engineers should integrate environmental impact assessment tools to
processes and products developed holistically using system analysis. Additionally, the
focus of new green engineering practices would be to conserve and improve natural
ecosystems, minimize the depletion of natural resources, while at the same time
protecting the human health and well-being, and incorporate the use of life-cycle thinking
in all engineering activities, to ensure that both material and energy inputs and outputs
are as safe and benign as possible, striving to prevent waste. In an additional goal,
engineering solutions should try to acknowledge the aspirations and cultures of the locals,
as well as recognize the differences in the local geography, actively engaging
stakeholders and communities in the development of the engineering solutions, which
need to be tailor-made to specific circumstances with a clear objective to achieve

sustainability by improving current or inventing new technologies.
2.5 Life cycle assessment

A Life Cycle Analysis or Assessment is a tool used to evaluate energy and raw material
consumption, emissions, and other wastes related to a product or system'’s entire life

cycle. It characterizes and quantifies the inputs, outputs, and environmental impacts of a

63



specific product or system at each life-cycle stage (IS0, 2006). The general procedure for
conducting a life-cycle analysis is defined by the International Organization for Standards
(1SO) 14000 series. The main phases of an LCA according to ISO guidelines, as shown in
Figure 2.10, are goal, scope, and boundary definition; life-cycle inventory (LCI) analysis;

life-cycle impact assessment; and interpretation (Guinee, 2002; 1SO, 2006).

The methodology defined by the ISO 14040 is generally accepted as valid for the analysis
of environmental performance of products and a key decision-making tool for managers
and authorities providing a guide for the improvement of the production process (Hojer

et al., 2008). A LCA study allows for the comparison of two or more products or services

only if the functional unit remains the same.
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Figure 2.10. Elements of a life cycle analysis (1SO, 2006).
2.6 Final considerations

Given the diversity of potential applications for diatoms in human activities and
industries, it was possible to envision an application of a simple procedure for the algal
culture that would build on top of the biochemical performance of the organism. This new
approach sought results both in the remediation of heavy metal contamination in a water
body, and more specifically contamination of silver, vanadium, and molybdenum, using a
model diatom (i.e. Phaeodactylum tricornutum) as the vector for the process. For that

purpose, an experimental design was envisioned and a series of steps needed to be
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established. The following chapter references the materials and methods used for this
purpose. It starts by defining the proper culturing methodology specific for the algae in
question and the method used (i.e. cell counting) to guarantee that the culture was
advancing positively. The following subsection presents the description of the
modifications required to address the simulation of a polluted environment (i.e.
modifications of the culture medium) to introduce the treatments (i.e. stressors or
pollutants). The following section presents the preferred methods for sampling and
monitoring. The subsequent subsections describe the analysis methods used during the
research, i.e. microscopy (optical and electron) and spectral (inductively coupled plasma
mass spectrometry and energy-dispersed x-ray spectroscopy) analytical methods. The
next portion of the materials and methods accounts for the methodology required to
successfully implement a life cycle assessment for the comparison between a traditional
chemical redox nanoparticle manufacturing process and the proposed biogenic
alternative. Finally, the section presents the overarching experimental design and the
methods for statistical analysis used to determine how well founded the conclusions

could be drawn from the results of the study.
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CHAPTERIII
MATERIALS AND METHODS

3.1 Algae cultures

A pure strain of P. tricornutum (CPCC 162) was obtained from the Canadian Phycological
Culture Centre (Waterloo, ON, Canada). A primary culture was used as the source of
inoculum and kept with strict culture conditions at 18-21°C under constant mixing by
shaking with 75-100 pmol m%s™ light applied from above, using fluorescent light tubes
(Osram Biolux, Osram GmbH, Munich, Germany) with a 14-hour light: 10-hour dark
photoperiod. The stock medium used throughout the series of the experiments was a
modified L, medium (CML,) prepared with artificial seawater to reduce variability derived
from natural seawater. Concentrations of silicon and nitrogen were increased (25 and
20% respectively) while concentrations of other major nutrients and trace metals were
kept constant based on the recipe by Guillard and Hargraves (1993). Some chemical
species were modified and others were added (i.e. boron, sulfate, potassium) based on
the recipe of Kilham et al. (1998).

A series of daughter cultures were used to perform the experiments in glass Erlenmeyer
flasks (125 mL) under the same light and temperature conditions as the primary culture
and constant aeration mixing. The culture medium for these daughter cultures was
initially the same as the mother culture and later treatments were applied to achieve the
desired final solution, following the procedures described in section 3.1.3 of this

document.
3.1.1 Culture medium

The stock medium used throughout the series of experiments (henceforth referred to as
ML;) was a modified Ly medium prepared with artificial seawater with enhanced
concentration of silicon (25 %), phosphorus (0.15 %) and nitrogen (13.4 %) and
concentrations of other major nutrients were kept constant based on the recipe by
Guillard and Hargraves (1993) with some chemical species modifications and additions
(i.e. boron, potassium) based on the recipe of Kilham et al. (1998). Trace metals were

kept constant according to the original recipe from Guillard and Hargraves (1993).
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Cultures were reared in a modified L,+Si artificial seawater medium based on the recipe
by Guillard and Hargraves (1993) with modifications based on the recipe of Kilham et al.
(1998) to improve some concentrations and reduce limiting factors by depletion at the
time of the experiment. Final concentrations were: NaNO3 (9.01 x 102 g-L™"), Ca,Cl,-2H,0
(3.68 x 102 g-L™"), MgS047H,0 (3.97 x 102 g-L™"), KzHPO4H,0 (8.71 x 102 g-L"), NaHCO3
(1.26 x 102 g-L™"), Na2Si03-9H,0 (2.77 x 102 g-L"), H3BO3 (2,4 x 102 g-L™"), KCI (7.45 x 10°
3 g-L"), NarEDTA (4.36 x 10° g-L™"), FeCls6H,0 (1.17 x 10 g-L™"), MnCl,-H,0 (1.8 x 10°®
g-L™"), CuS04-5H,0 (1.00 x 108 g-L™"), ZnS047H,0 (2.2 x 107 g-L™"), CoCl,-6H,0 (1.00 x 10°
8g-L"), NazM004H,0 (2.22 x 107 g-L™"), Na,Se0s (2.00 x 108g-L™), and NasVO, (2.00 x 10
8g-L"). A list of chemicals with their corresponding SDS references is available in

Appendix II.

Each stock solution was prepared in 14.6 % (1.011 + 0.0005 sg) artificial seawater
(Instant Ocean Aquarium Sea Salt Mixture, Instant Ocean, Blacksburg, VA) prepared by
adding 17.8 g of stock sea salt mixture to 1 L of distilled water. To keep the seawater
contribution equal for all treatments, a batch of stock seawater (20 + 0.1 L) was prepared
before all treatments by mixing 356 + 0.01 g of Sea Salt Mixture in 5 + 0.025 L of distilled
water with mixing via magnetic vortex until all the crystals were completely dissolved. To
prevent losses, the weighted mass of salt mixture was added using a funnel to 1 + 0.005
L of distilled water in a five-liter Erlenmeyer flask until the salt crystals did not dissolve
(~42 + 0.01 g). One additional liter of distilled water was added to the Erlenmeyer flask
and salt crystals were added until salt crystals did not dissolve (~90 * 0.01g). The
process was repeated three more times until the complete mass of salt was added and
the solution was completed (at masses measured of ~170 + 0.01 g, ~320 + 0.01g, and
356 + 0.01 g respectively). The five-liter solution was transferred to a clean plastic
container with a previously measured 5 + 0.025 L of distilled water and the final volume
was reached (20 L) using 10 additional transfers of distilled water measured in a graded

volumetric cylinder (1,000 + 5 mL).

Stock solutions with nutrient addition were prepared in distilled water by adding an initial
measured mass of each chemical reagent (based on concentration targets) to a volume

of 1+0.005 L in a volumetric flask. Initially a small volume of water (~200 mL) was placed
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in the flask and the weighted biomass was added with a clean funnel mixing thoroughly
via gentle swirl until the salt crystals dissolved completely. Distilled water was then added
to complete the volume to the labeled graded mark carefully so no excess water was
added. Similarly, the stock solutions for the treatments were prepared on 1 + 0.005 L of
artificial seawater by adding the initial mass of each salt to 100 + 0.05 mL and filling to
the graded mark on the stem in a 100-mL volumetric flask. Stock solutions for the
treatments were prepared on 1 + 0.005 L of artificial seawater by adding the initial mass
of each salt to 100 + 0.05 mL and completing to the graded mark on the stem in a 100-
mL volumetric flask. All prepared stock solutions were stored in dark at 4 °C until needed

for medium preparation.

To prepare the different culture vessels, 1 mL of each stock solution was added to a
volumetric flask and seawater was completed to 1 L. The prepared medium solution was
divided equally into 50-mL Erlenmeyer flasks and sterilized to guarantee that the cultures
were axenic, and to reduce the effects due to contaminants or the interactions of other
organisms that gain access to the cultures. In a similar manner, all initial water was
filtered and autoclaved prior to inoculation of starter biomass or addition to the culture
systems. When water or medium was added to the growing cultures it was cooled to 18°C
+ 1.5 °C measured by non-contact IR thermometer (BENETECH®, Shenzhen, PRC) before
the addition to the culture. The autoclaving method was 15 minutes at 121-124 °C at 200
kPa (WHO, 2016) for sterilization, accounting for volume and size of the material to be
sterilized. Sterilization success was confirmed by blank culture (i.e. flasks without

inoculum) twice during the duration of the experiments.

After sterilization, the flasks with medium were stored at room temperature to allow for
cooling and subsequently were randomly assigned to one unit and inoculated inside a
clean bench chamber with axenic technique. Table 3.1 shows the final values for

individual ions in the medium.

All inputs to the culture system (i.e. liquid or gas) were either sterilized or filtered prior to
their use in the experiments. For the gas mixture used for bubble mixing, a two-step
filtering process was used; a preliminary distilled water humidification mechanism was

used to circulate water through a water column to later transport to tubbing-based
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filtering systems using a 0.2 um micropore syringe filter (Nalgene™, Thermo Scientific,

Waltham, MA) attached to an air inlet attached to the culture vessel. Similarly, liquid

medium with treatments was filtered using the same micropore syringe filter (Nalgene™,

Thermo Scientific, Waltham, MA) attached to a sterile disposable syringe for each

treatment and each unit to prevent cross contamination and errors in the introduction of

treatments. Each syringe was used only on one specific level of each treatment and then

discarded.

Table 3.1. lonic concentration of the CML+Si medium.

Compound Molecular Final concentration
Weight
[gL7] M]

CaCl,-2H,0 147.01 3.68x 107 950 x10%
MgSO0, - 7 H,0 246.50 3.70x 107 150x10%
K,HPO, 174.18 6.31x10° 3.62x 10°
NaNOs 85.00 9.01x 107 1.06x10°
NaHCOs 84.01 1.26x 107 150 x 10
Na,SiOs - 9 H,0 284.20 3.77x 107 133x10%
H3BOs 61.83 2.40x 107 3.88 x 10°
KCl 74.55 7.45x10° 9.99 x 10°
C1oH14N2Na,0g - 2 H,0 372.24 4.36x10° 117 x10°
FeCls - 6 H,0 270.30 1.00x10° 370 x 10°
MnCl; - 4 H,0 197.91 1.80x 107 9.10 x 107
CuSO0, -5 H,0 249.68 1.00x10” 4.01 x 10°
ZnS0,4- 7 H,0 287.50 2.20x10° 2 65x10°
CoCl, -6 H,0 237.90 1.00x10°® 420%10°
Na,Mo0, - 2 H,0 241.90 2.20x 10" 9.0 x 10°
Na,Se0; 172.90 1.60x10” 9.25 x 10°
Na3VO, 183.90 1.80x10” 9.79 x 10°

3.1.2 Cell count

Initial cell concentration was determined via direct count with a Z1 Particle Counter

(Beckman Coulter, Inc., Brea, California, USA), calibrated for 5 ym and 10 ym particles.

Particles above 10 pm were not measured as the goal was to determine the number of

cells with an average less than 10 ym in size. Samples were diluted in 10 mL of ISOTON
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solution to guarantee average cell counts between 1 and 9 x 10° cells'mL™. Each one of

the recorded measurements after dilution was done in triplicate.

During the second set of experiments, after the maximum values for ionic concentrations
were determined, and due to time, sample availability, and measurement efficiency
constraints, a second automated method used spectrophotometry to calculate cell
density. Optical density of smaller samples (250 pL) were measured using a PowerWave
Spectrophotometer (BioTek, Winooski, VT) with readings at 470; 517; 535; 562; 653; and
666 nm, and a regression equation was established by comparing spectrophotometric
data to known concentrations obtained via manual cell count (Neubauer chamber,
Hausser Scientific, Horsham, PA, USA).

3.1.2.1 Hemocytometer cell counts

Confirmation of the cell concentration values was done via hemocytometer counts
following the procedure described in the literature review (Andersen, 2005). One sample
(1 mL) of each culture units was taken at each interval and diluted (250 pL of sample and
750 pL of distilled water) to reduce the excess concentration of cells in the counting
chamber and a 1:1 sample: 0.4% v/v solution of trypan blue (Gibco, Life Technologies,
Carlsbad, CA) as stain before introducing the cells into the counting chamber. This stain
is used to determine live and dead cells in the culture. Two methods of counting were
selected and compared: area-based count and cell-standard count. The first consisted of
a random predetermined path across the grid of the counting chamber to account for
exactly 0.72 mm? of surface on the grid (13 squares of 0.04 mm? and 4 squares of 0.05
mm? — See image | in Appendix Il1). The second method consisted of counting 150 cells
throughout the grid and then recording the area required for that count and calculating
the volume, e.g. if the 150 cells required 13 squares of 0.04 mm? and 4 squares of 0.05
mm?, the volume for this area would be 72 nL (area x depth = 0.72 mm?x 0.1 mm = 0.0072
mm? = 72 nL). Regression curves for both methods were prepared to account for
differences and to determine if any correlations existed among the methods. Again,
similarly to the previous method, correlations of these counts with the measurements

calculated on the cytometric and spectrophotometry measurements were performed.
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3.1.2.2 Automatic cytometer cell count

The initial cell concentration was determined via direct count using a Z1 Particle Counter
(Beckman Coulter, Inc., Brea, CA). A previous calibration for particle sizes of 5 ym and 10
um was done using Standard, L5, Nominal 5 pym, Latex Particles (Beckman Coulter,
Mississauga, ON). Particles above 10 pm were not measured as the goal was to
determine the number of cells with an average less than 10 ym in size. Samples were
diluted in 10 mL of ISOTON (Beckman Coulter Canada LP, Mississauga, ON) solution to
guarantee average cell counts in the range between 1,000,000 and 9,000,000 cells‘mL”,
placed on Accuvette cups (Beckman Coulter Canada LP, Mississauga, ON) and measured
using a ZSeries Aperture Tube 70 pym for a range of 1.4 — 42 pm (Beckman Coulter, Inc.,
Brea, CA). Each one of the recorded measurements after dilution was done in triplicate.

Further information on cytometry methods can be found in Appendix lll, section IV.
3.1.2.3 Spectrophotometry cell density assessment

For convenience, simultaneous measurements with a PowerWave XS spectrophotometer
(BioTek, Winooski, VT) were carried out during the first stages of the treatment
application and a combined measure with cultures with and without trypan blue stain.
Samples were diluted by taking 250 pL of sample and mixing thoroughly with 750 pL of
distilled water and then were placed on a 96-well microplate for immediate reading at
470; 517; 535; 562; 653; and 666 nm wavelengths. Results were later correlated to a
calibration curve with known concentration of cells obtained by direct cytometer count
using a Z1. This method of cell counting was used as the preferred method during the
sampling of the Central Rotatable Non-Lethal (CRN) assay around Maximum Values as
described below. A brief description of the overarching principle of spectrophotometry is

presented in section V of Appendix IIl.
3.1.3 Treatments
3.1.3.1 Maximum level detection (MLD)

A modified medium with depleted silicon (CML; - Si) combined with each chemical

species (i.e. Ag, Mo, V) for the individual treatments was microfiltered before inoculation.
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As with the starter culture, all water was filtered and autoclaved before inoculation of the

starter biomass. Media was cooled to 18°C before the addition of the diatom inoculum.

An initial inoculum was standardized to approximately 500,000 cells‘mL™” (about 1 mg of
dry biomass per flask) to further account for possible effects produced by the initial
setting of the experiment or effects of cell abundance when the stressor was added. The
three elemental treatments included the addition of silver, vanadium, or molybdenum at
four levels of treatment concentrations as established: 2.5 x 10* mol-L”" (single
treatment), 7.5 x 10° mol-L" (two treatments equal concentration), 5.0 x 10° mol-L"
(three treatments equal concentration), and 1.0 x 10 mol-L" - 2.5 x 10™ mol-L™ (three
treatments with intermediate concentrations), for each element. The four treatment
levels for each element were 2.5 x 10°> mol-L" (2.658 x 10° g Ag-L", 1.274x 10-3 g V-L",
and 2.399 x 10° g Mo-L™), 5.0 x 10"° mol-L-1 (5.35x 10° g Ag-L™", 2.547 x 10° g V-L, and
4798 x10° gMo-L™"),7.5x 10° mol-L" (8.025x10° g Ag-L",3.82x10% g V-L",and 7.196
x 102 gMo-L"),1.0x 10* mol-L" (1.07x10%gAg-L",5.094x10%gV-L",and 9.595x 10’
$gMo-L")and 1.5x 10* mol-L" (1.605 x 102 g Ag-L", 7.641 x 10° g V-L", and 1.44 x 10
2 g Mo-L™). The proportions in each mixture were calculated to add up to 1.5 x 10 mol-L’
! for the total media mixture levels for each treatment. One third of each treatment
concentration was added every 24 hours starting on day 7 and was completed on day 9.
The addition of the metals occurred at the 6th and 7th hour of the light period, to allow
for cellular repair before and after the treatment. Other variables (e.g., temperature, pH,
light, nutrients) were monitored. The experiment was conducted in triplicate. The CML;-
Si medium combined with each chemical solution for the individual treatments was

always microfiltered before inoculation.

Liquid samples (1 mL) of algae cultures were collected by vacuum suction in a sampling
chamber attached to the culture vessel two hours after treatment addition to account for
acclimation processes and preserved in glutaraldehyde (0.5 mM) for further analysis. The

experiment ended on the 11th day.
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3.1.3.2 Central rotatable noniLethal maximum values (CRN)

Based on the results of the MLD analysis, concentration levels for silver, vanadium, and
molybdenum were introduced based on predicted non-lethal maximum concentrations of
1 x 10 M for silver (1.079 x 102 g Ag-L™), 1.5 x 10 M for vanadium (7.64 x 10° g Ag-L’
"), and 1 x 10™ for molybdenum (9.594 x 10 g Mo-L™). The levels for silver (i.e. 0, 3.75 x
10°,9.24 x 10, 1.47 x 10, 1.85 x 10™), vanadium (i.e. 0, 5.97 x 10°, 1.47 x 10, 2.35 x
10 2.95 x 10™), and molybdenum (i.e. 0, 3.43 x 10™, 8.45x 10, 1.35x 10, 1.69 x 10™),
were randomly assigned to combinations of the three to generate a new central rotatable
composite design (Myers, 1971). This secondary design was established to pinpoint the
maximum acceptable concentration of treatments that P. tricornutum could sustain
without a significant impact on the cell viability within the culture. Following the
conditions of the previous assay, temperature, pH, light, and nutrients were monitored,
and the experiment was conducted in triplicate. The CML;—-Si medium combined with

each chemical solution for the individual treatments was microfiltered before inoculation.

The treatments were performed around the 6th and 7th hour of the light period, to allow
cellular repair before and after the treatment. An initial inoculum was standardized to
approximately 500,000 cells / mL (about 1 g of dry biomass per flask). For each one of
the treatments (Ag, Mo, V) and treatment levels the combinations followed an Augmented
Extreme Vertices Design, i.e. Mixture Experimental Design (JMP®, 2012; Cornell, 1990).
One tenth of the total treatment was added every 30 minutes calculated to add up to the
final concentration in the medium. The culture media used for the first four days was the
modified CML+Si culture medium described before, which was prepared in artificial

seawater (Instant Ocean, Blacksburg, VA, USA).
3.2 Sampling

To account for acclimation processes, 2.5 mL samples from each culture unit were
collected before treatment addition and divided into two samples of 1 mL each on capped
Eppendorf tubes. During the maximum level detection (MLD) assay, samples were taken
via vacuum suction using a specially designed sampling port attached to the top of the

flask for convenience (Figure 3.1) twelve hours after each fraction of the treatments was

73



added to the cultures. A sterile 10 mL syringe with a metal tip needle pierced full of filtered
air collected through a 0.2 um micropore syringe filter (Nalgene™, Thermo Scientific,
Waltham, MA). The rubber stopper of the sample port cap is pierced and suction in the
syringe barrel creates a vacuum that moves the culture from the bottom of the culture
chamber into the port glass container (Figure 3.1 — green rectangle with arrow). Air is
forced from the barrel and into the culture chamber and then suction created to move a
portion of culture mixture into the tubbing. Before sample collection, a series of 10
negative and positive movements on the y-axis of the plunger of the syringe were
performed before filling the sampling port chambers and collecting the final 2 mL to
guarantee homogeneous suspension of the cells from the culture vessel in the sample.
For the CRN, samples were taken before the second, fifth, and tenth (last) addition of the

metal pollutants and 24 hours after this last addition.

Figure 3.1. Culture vessel. A glass bottle with a round bottom was used for convenience.
On the top of the cover, two access inlets and one outlet on the side (green rectangle with
arrow), a sample port, connected via tubbing to the chamber of the culture (red rectangle

with yellow labelling text).

Biomass samples from the treatments were split to two 1-mL Eppendorf tubes with lid (1
mL each) and labelled with the code for each sample and one letter (X, Y). The first tube
(X) containing 1 mL of sample was concentrated by centrifugation (10,000 rpm for 5
minutes), the supernatant collected in an Eppendorf tube labeled (W) and the remaining
pellet washed three (3) times with distilled water, the pellet collected, the tube labeled

(XS), weighted, and freeze dried (i.e. lyophilized) for 24-hour period, target shelf
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temperature was set to -20 °C at an approximate rate of 1 °C-min™" and a pressure of 0.37
mbar, until only powder remained (Gamma 1-16 LSC plus, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). Biomass of the tube was
measured at 12 hours and then at 24 to confirm complete removal (sublimation) of the
liquid phase. The second fraction (Y) was divided among three Eppendorf tubes with lids,
the first (P) was diluted by adding 250 pL of the fraction Y to 750 pL distilled water and
labeled for use with the PowerWave XS spectrophotometer measurement of biomass.
The second fraction taken from Y was labeled T and diluted with 4% Trypan Blue and
distilled water (250 yL sample: 250 pL Trypan Blue: 500 pL distilled water) and after
counting on hemocytometer, it was used for spectrophotometric analysis of dead cells.
The third fraction was labeled Z and was created by dilution of 250 yL of sample from Y
in 750 pL distilled water and used later for cell cytometry measurements. The final
fraction (250 pL) was preserved and freeze stored (-79 °C) at a ratio of 1:1 of sample:
glutaraldehyde (0.5 mM) for further analysis. A detailed schematic diagram with the

distribution and sequential dilutions of the samples can be seen in Figure 3.2.
3.2.1 Medium (supernatant)

Centrifugation was carried at 10,000 rpm for 5 minutes and the supernatant was
separated from the pellet using a 1,000 pyL micropipette (Gilson Inc., Middleton, WI) set
to 500 pL, 250 pL, and finally 100 pL to measure an approximate volume of the sampled
supernatant. The supernatant was then transferred to a 1-mL lidded Eppendorf tube
labeled W and dilutions of the three fractions used for nitrate (N), pH (H), and ICP-MS (M)
tests were prepared. The fraction used for nitrate determination was prepared by diluting
150 pL with 850 pL of distilled water to complete 1 mL. The fraction for pH was
immediately tested and an aliquot of 100 yL was deposited in a 96-well plate and
processed as described of section 3.3.3 in this document. The remaining portion of the

supernatant was kept at -79 °C for its use in the ICP-MS series of analysis.
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Figure 3.2. Experimental sample distribution. Schematic chart of the distribution of

samples and dilutions.
3.2.2 Frustules (pellets)

After centrifugation (10,000 rpm for 5 minutes) and separation from the supernatant, the
remaining pellet was washed three times using distilled water to eliminate salts that
might have precipitated with the cells of P. tricornutum. Each wash was performed by
adding 750 pL of distilled water and suspending via vortex to separate via centrifugation
(10,000 rpm for 5 minutes) and the new supernatant was discarded. After the second
wash, the pellet is suspended in water to a volume of 250 pyL and a 50 pL aliquot is taken
to a lidded Eppendorf tube for optical microscopy visualization (labelled OM) and then
additional 500 pL of distilled water were added to the remaining fraction for the last wash.
After the third and final wash was completed and the supernatant was discarded, the
pellet was suspended in a matrix of 20 % ethanol (v/v) to a volume of 1 mL and divided
into two lidded Eppendorf tubes (500 pL each) and stored at -79 °C under labels SE and

TS until required for SEM analysis and visualization.
3.3 Monitoring
3.3.1 Nitrogen monitoring

lonic nitrogen (i.e. nitrate) concentrations were determined by spectrophotometric
analysis using a standard API Fishcare Nitrate Test Kit (API, Chalfont, PA) applied against
a standard curve of known nitrate concentrations (i.e. 0; 5; 10; 25; 30; 35; 50; 100; and 200

mg NOs-L" as NaNOs) and absorbance was read with a PowerWave XS microplate
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spectrophotometer (BioTek, Winooski, VT), at 535 nm wavelength. Liquid samples (1 mL)
obtained after centrifugation of 2 mL of culture from each experimental unit were
collected in a 1.5 mL lidded Eppendorf tube. Samples were diluted in a clean tube by
mixing 150 pL from the supernatant sample with 850 pL of distilled water to reach
concentrations below 50 mg/L for improved accuracy of the readings. For nitrate
measurement, 150 pL from the diluted tube labeled N, were added to a 96-well plate and
mixed with 15 pL of standard solution 1 (API Nitrate Test Kit) and mixed carefully
pipetting back the liquid 10 times to guarantee thorough mixing of the two liquids.
Subsequently, 15 pL of standard solution 2 (API Nitrate Test Kit) were added and mixed
using the method described for solution 1. After the mixing was completed, 5 minutes of
incubation for color development were provided prior to measurement in the
spectrophotometer. Absorbance values were plotted against the known concentration

curve via extrapolation after which the equation for the linear regression was determined.
3.3.2 Temperature

Culture temperature was monitored throughout the life span of the culture in the morning,
noon and evening. Measurements were made with a non-contact IR thermometer with
laser target pointer (BENETECH®, Shenzhen, PRC) aimed at the center of each unit for
approximately 15 s +1 s or until the reading from the apparatus stabilized to one value.
To calibrate possible differences between the actual temperature of the culture and the
reading from the apparatus, a dummy culture (i.e. cells and culture medium not intended
to use for treatments) was slowly heated in a plate, with temperature readings applied to
the center using a regular mercury thermometer while the laser pointer of the non-contact
IR thermometer was aimed at the bulb of the mercury thermometer used for

measurement.

3.3.3 Irradiance
An initial irradiance measurement at every flask position without any flask present, with
10 nm resolution, using a LI-193 quantum sensor (LI-COR Biosciences, Lincoln, Nebraska,
USA) calibrated to the location was performed. During the culture of the algae, a MQ-200

quantum meter (Apogee Technologies, Logan, UT) was used to confirm that light
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irradiance was held constant around 75-100 pmol m™?-s™ during light periods and nearly

0 umol m™s™ during the dark periods.

Difficulty in calculating the punctual irradiance at every point using the LI-193 when the
flasks were present made this method of determination inefficient and the Apogee
measurement was preferred over the LI-COR counterpart for the regular measurements.
Measurements with individual flasks and boundary flasks (i.e. filled with water) showed
that it was possible to assume that the irradiance was constant for all the culture units
within the system, even when the outer cover of the system was removed and ambient

light could enter, the effects on irradiance values due to external inputs was negligible.
3.3.4 pH

Every sample was tested to monitor changes in pH using a colorimetric API High-Range
pH test kit specifically designed for pH ranges between 7.4 and 8.8 (API, Chalfont, PA) by
pipetting 100 pL of liquid sample (after centrifugation) to a 96-well plate 5 pL of the API
test solution mixing via pipetting. Ranges were assessed by comparing to a color-coded
card provided with the kit and samples with measures outside the defined range of 7.8

and 8.2 were labelled for further analysis.
3.4 Optical microscopy

Samples from all the culture chambers were observed directly as the pre-concentrated
samples of P. tricornutum cultured cells (Eppendorf tubes labelled OM) were placed via
drip on glass slides as baseline samples, using a micropipette (10 pL), and examined
under an optical Hund Wetzlar H600 Light Microscope (Helmut Hund GmbH Wetzlar,
Germany). Selected samples were taken to the Department of Mechanical Engineering at
Ecole de Technologie Superieure (ETS, Montreal, QC) and visualized using a DSX 510
Digital Microscope (Olympus Corporation, Tokyo, Japan). A short recount on the history

of optical microscopy is presented in section VI of Appendix IIl.
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3.5 Scanning electron microscopy
3.5.1 Sample preparation

A small volume (50 pL) of each TS-labeled tube containing washed diatom frustules in a
20% ethanol suspension was transferred to aluminum stubs mounts for SEM (PELCO®,
Ted Pella Inc., Redding, CA) for visualization with a Hitachi SEM TM3000 (Hitachi
Corporation, Tokyo, Japan). The second fraction (SE) was washed three (3) additional
times with distilled water to further eliminate attached particles and molecules from
culture medium, freeze-dried, and kept refrigerated until ready for analysis. These
samples were analyzed at the Laboratory for Material Engineering McGill University, using
a Hitachi Cold FE SU-8000 SEM (Hitachi Corporation, Tokyo, Japan) equipped with
backscattered and secondary electron detectors coupled with a silicon drift EDS detector
(SDD EDS Xflash® 6, Bruker, Massachusetts, United States). The SEM-EDS offered
detailed imaging information about the morphology, surface texture, and elemental

composition of the samples.
3.5.2 Tabletop SEM preliminary exploration

The first set of aluminum stubs was mounted and visualized at 5 kV and 15 kV to account
for surface detail and a maximum magnification of 12,000X on a Hitachi tabletop SEM
TM3000 (Hitachi Corporation, Tokyo, Japan). All the samples were explored and scanned
for abnormal structures and shapes, as well as for out of the ordinary formations or
elements that might not be part of the algal cells or the culture in general. Quality control
of the washing process was taken into consideration and samples that showed a great
amount of crystal formation were labeled for additional washing prior to the use of the
FE SU-8000 SEM (Hitachi Corporation, Tokyo, Japan). Imaging was captured using the
standard software and capture application from the manufacturer. Linear measurements
for analysis of size distribution were done with ImagedJ an imaging software developed
by the National Institutes of Health (Abramoff et al., 2004).

3.5.3 SEM-EDS

Samples were prepared after washing three additional times with distilled water and

suspended in 100% ethanol, by placing a small volume (50 pL) on an aluminum stub
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specially manufactured for SEM use. SEM-EDS visualization was used to determine the
general chemical composition of the individual particles and visible formations around
the structures visible on the sample. Initially, samples were observed at different
locations and with different voltages (3 kV, 5 kV, and 10 kV) and interesting or abnormal
spots were recorded in the memory of the device via topographical references
(coordinates) for later analysis using the EDS detectors (SDD EDS Xflash® 6, Bruker,
Massachusetts, United States). Particle morphology, external surface structure and
external elemental distribution of individual diatom frustules were assessed via
exploratory analysis of the sample. Each sample was characterized by randomly
selecting three to four fields of view and all particles were examined for structures that
could be observed within the selected fields. The chemical composition and morphology

were noted for each particle and compiled for each sample.

Elemental analysis was performed in a “spot mode” in which the beam is localized on a
single area manually chosen within the field of view. The location is represented on the
provided SEM images by a “+” or a small square. The EDS detector can differentiate
elements with atomic number equal to or greater than six. The intensity of the peaks in
the EDS is not a quantitative measure of elemental concentration, although relative
quantities can be inferred from relative peak heights. Images were acquired after a scan
through the entire sample and coordinate references were set. More information

regarding the SEM-EDS principles can be found in Appendix Il section VII.
3.6 ICP-MS analysis of the liquid phase

Samples labeled M from the fractions of the supernatant collected as described
previously on numeral 3.2 were diluted using ultrapure 18 M Ohm deionized water taking
50 pL of the sample supernatant and diluting to 10 mL of 1 % nitric acid. Concentrations
of silver and vanadium in the liquid phase of the samples were calculated using a Varian

ICP-820MS instrument (now Analytik-Jena Inc., Jena, Germany).

Standards were prepared accordingly using diluted acid and a multi element stock
standard (SCP 14-110-012, SCP Science, Baie D'Urfé, QC, Canada). Quality control was

maintained using water reference solutions from Environment Canada Proficiency
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Testing Program Study 104 (Environment and Climate Change Canada, Brampton, ON,
Canada) as control samples. Results of Ag, Cd, Co, Cr, Cu, Mn, Ni, Rb, Sr, V, and Zn were
collected. Unavailability of Mo made it impossible to measure the concentration of the
element and it was scrapped from the analysis; however, it is recorded and mentioned to
keep in mind its presence in the samples. Recoveries on all metal measurements
remained within 4% of the actual value. A brief description of the operational principles

of ICP-MS analysis can be found in Appendix Il section VIII.
3.7 Life cycle assessment (LCA)
3.7.1 Goal and scope of study
3.7.1.1 Goal definition

This study attempted to establish the differences between the traditional least
environmentally damaging methods for silver nanoparticles production and an alternative
biogenic process using P. tricornutum (Bohlin, 1897) as the manufacturing vector (i.e.
organism). From the industrial production perspective, the boundaries are defined within
the use of the chemicals, and the production of the nanoparticles. On the algal side of the
analysis, the production goes from the manufacture of the chemicals required for the
algal production (i.e. culture medium) and finish at the production of the silver

nanoparticles.
3.7.1.2 Scope

The considered systems were limited to a cradle-to-gate analysis, where the production
of nano silver in both the industrial and biogenic approaches, took into consideration the
source of the initial raw material, and its evolution within the system. In the specific case
of algae production, the source of the inoculum was the isolated culture at the lab facility,
and not the original wild type of the algae. The origin of each used nutrient source was
based on approximate calculations in the manufacturing of each compound, based on
both Ecoinvent data (Frischknecht et al., 2005; Wernet et al., 2016) and the manufacturing
requirements obtained from the literature. Approximate estimations based on literature
data for homologous processes were used when both database and literature

information was not available, and was described as such in the analysis of the
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information. In these cases, the average values were assigned more conservative values
using uncertainty to account for possible differences between actual and estimation
values and normalization uncertainty was used to account for potential differences when
calculating the impact effects of the process (Ciroth et al., 2004; Lo, et al., 2005; Hung &
Ma, 2009). Packaging and other processes further down the value chain of the functional
unit were not considered, as the system and material for package, as well as the
transportation and other considerations were assumed to be the same for both
approaches (Varun & Nautiyal, 2016). In the case of algae, the initial approach did not
account for regular and traditional by products that can improve the overall environmental
performance of the algae method (e.g. animal feed, biofuels) not to obscure the real

performance of the method by means of other compensative aspects of algae culture.
3.7.1.3 Environmental impacts

Water resources, land use and location, carbon fertilization, fossil fuel inputs,
eutrophication, genetically modified organisms (mutations), and toxicity are among the
most significant and frequently mentioned concerns in the literature and among circles
of stakeholders (European Commission Joint Research Centre, 2010). For this purpose,
the information was provided by personal experience from the author, bibliographic
research, and approximate values based on an average of the region. Values were pooled
and averaged from available inventories such as the database v 3.3 from Ecoinvent
centre (Frischkenecht et al., 2005; Wernet et al., 2016); the version 1.3 of the Agribalyse®
from the French Environment and Energy Management Agency, ADEME, (Koch & Salovu,
2016); the New Energy Externalities Development for Sustainability (NEEDS) project for
future electricity supply systems (NEEDS, 2016); the version 3.2 (October 2015) from the
European reference Life Cycle Database (ELCD) of the Joint Research Center; the
bioenergy supply chain processes data from the German BioEnergieDat research project
(Schebeck et al., 2013); the version 1.1 of the USDA crop data from the United States
Department of Agriculture National Agricultural Statistics Service (USDA-NASS); and
Economic Research Service (ERS) surveys available directly from the software openLCA
nexus download page (GreenDelta, 2016, USDA-NASS, 2017).

82



3.7.1.4 Functional unit

The functional unit was defined as one (1) kilogram of colloidal nano-silver (20%) with a
particle size of less than 100 nm placed at the gate from production facility, ready for
packaging and distribution. As mentioned before the package units and processing was
not considered, as the final form of the product would be handled in the same way for

either process.
3.7.2 System description and boundaries

Figures 3.3 and 3.4 show the boundaries for each of the processes considered in this
analysis. In Figure 3.3 it is possible to see the traditional industrial redox approach using
hydroquinone from the production and entrance of chemicals to the facility (cradle) to
the final dried powder at production site (gate). Figure 3.4 shows the alternative biogenic
production including the conditioning of media (cradle) from production of chemicals, to
the final dried powder at production site (gate). Water, chemicals, and energy are
considered as inputs for both systems, the outputs for the boundaries defined is the
same, and no additional consideration was given to the excess algal biomass produced
by the alternative; nonetheless, it was not considered as waste to landfill and hence the
final waste weight was not added to the system. In both cases water recirculation was
assigned a value of 90 % after separation. Some energy optimization processes were
considered within the biogenic method, and values were accounted when possible.
However, since there was a small potential for energy feedback within the traditional

system, it was considered negligible.
3.7.2.1 Regular silver nanoparticle production process

For the purposes of this research, a chemical reduction of silver cations was used as the
reference process to obtain the nanoparticles. The reaction carried in solution yields a
final product in colloidal form (i.e. no drying required) much like that from algae. The
process, known as co-precipitation includes different phenomena; reduction, nucleation,
growth, coarsening, and agglomeration (Cushing et al., 2004). The reducing agent chosen

for the comparison was hydroquinone.
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Oxidation with hydroquinone (HQ) comprises an electron transfer (2e) combined with a
protonic loss (2H") to reduce Ag" and produce the AgNP (Hudnall, 2000). To produce
particles of medium size and low polydispersion a medium concentration of HQ was
considered to guarantee that the particles were within the range of 100 nm in diameter
(Hudnall, 2000). Silver nitrate was assigned as the precursor of silver in solvated
Ag*(Pérez et al.,, 2008). A three-step mechanism (Figure 3.5) starts with an exothermic
nucleation (reduction) that produces clusters of roughly 2.6 nm followed by an
endothermic growth phase that yields particles of roughly 4.1 nmin size. The last step is
an additional exothermic process of aggregation that provides the final size, after an
additional input of HQ (Patakfalvi & Dekany, 2005).

K Functional Unit: \
. 1kg AgNP
(colloidal 20%)

Figure 3.3. Production boundaries HQ-AgNP process. Boundaries for the traditional redox
manufacturing of silver nanoparticles using hydroquinone as redox agent(i-AgNP) based
on Pérez et al. (2008).

Figure 3.4. Production boundaries biogenic-AgNP process. Boundaries for the alternative

redox manufacturing of silver nanoparticles using algae biomass(b-AgNP).
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After the particles are agglomerated and stable, drying takes place. Powder was

produced from the electrospray-drying of the colloidal silver (5%) at 200°C (Peltonen et

al., 2010; EPA, 2012).
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Figure 3.5. Schematic representation of the reduction process. Three step representation
of the process for manufacture of silver nanoparticles (AgNP) Using Hydroquinone.
Modified from Pérez et al. (2008).

3.7.2.2 Biogenic silver nanoparticle production process

For methodology purposes, the species selected for this analysis is P. tricornutum
(Bohlin, 1897) a Bacillariophyta from the order Bacillariophyta and the family
Phaeodactylaceae, which under the right conditions can produce silver nanoparticles
(Galan et al,, article in press). To produce the algae, a regular culture of P. tricornutum is
used, based on the methodology described in a previous study (Galan et al., article in

press).

Figure 3.6. shows an overall diagrammatic representation of a biorefinery facility, which
for this document will be the basic set up of the facility that is proposed. The basic steps
of one run of the process are (1) nutrient delivery, carbon capture, and medium
conditioning; (2) algae culture; (3) harvesting and drying; (4) and nanoparticle separation.
The boundaries for this analysis end on the chemical processing of the recovered
biomass after extraction (i.e. extraction of nanoparticles). The culture system was
defined as a PBR-based low volume to surface ratio (Surface / Volume = 0.2508 m™)

container, henceforth known as HVLS-system, set within a modified biorefinery (Figure
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3.6.) based on descriptions by Yang et al. (2013); Alba, (2013); Gao et al. (2013); and Sirin
(2013).

In the proposed design, enriched water (i.e. culture medium) is piped to the culture
vessels (Figure 3.7D). For this purpose, the vessels are mainly thermo-resistant stainless
steel-glass composite (Figure 3.7E) cylindrical (d=3.8 m x h= 4.2 m, filled to 95% of the
total volume = 45.2 m®). The water vessels and inlets are designed so that they can
optimize flow and mixing is effected via water injection (low pressure jets). A two-stage
culture system is used for practical purposes. To reduce energy costs, CO, is pre-
dissolved in chamber and water mixing is achieved via hydrodynamic flow. Light is
concentrated on the surface of the vessel and conducted through a Plexiglas piping
system using non-imaging optics with periodical inclusions for light diffusion at 30 cm
intervals. The tubes are distributed radially at 30 cm intervals along concentric radial
circumferences from the central axis of the vessel. Each tube is placed as to have a small
displacement from the radial projections, thus guaranteeing a high level of distribution
within the vessel. To account for winter and low solar irradiance days, the system is
coupled with LED light engines. The wavelengths in this case are to be specific for blue
(470 nm) and red (625 nm) guaranteeing a minimum of 75 pmol photon m?s™ which was

found to be the optimum for P. tricornutum for the normal growth phase.
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Figure 3.6. Schematic diagram of an integrated microalgae biorefinery. A facility for
production of algal oil (biofuel) and other value-added products. Some microalgae are

rich in carbohydrate and can be harvested and used as feedstock for fermentation to
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produce ethanol and other chemicals [PUFA, polyunsaturated fatty acid] Adapted from
(Alba, 2013; Gao et al., 2013; Sirin, 2013).

Water that is recovered from the harvesting and drying process is reincorporated into the
system (Figure 3.7C), thus the reduced percentage of water losses (1%). UV radiation is
recommended to eliminate potential cross-contamination with species associated with
the wastewater and the consumption of an UVA-LED system is considered as part of the
production process. Recirculating materials will not be double counted to provide better

calculations.

The system includes a periodical harvest drainage (around 30 % volumetric — Figure 3.7F)
through a battery of settling chambers and centrifugation columns designed to allow
better clustering of cells during the process creating a highly concentrated, low moisture
paste of algal biomass (Figure 3.7G). Extracted water residue is treated and piped back
to the conditioning station (Figure 3.7H and 3.7C connecting pipe) thus water use is not

considered as loss above 1% after harvesting.
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Figure 3.7. Simplified diagram of an integrated microalgae biorefinery. Intended for
production of algal oil (biofuel) and other value-added products. Harvested CO2 enters
the system (A), and combines with nutrients and recycled water (B and C) leaving via
piping regulated by valve (D) for the culture chambers (E). Collectors (F) transfer to the
harvesting system (G) where concentration and separation of liquid (H) and solid (1)
phases of the culture, and further separation of the colloidal nano particles (J) and the

remaining algal biomass (K) which is further processed for alternative uses (L) and
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further bacterial digestion, returning energy to the system (M). Adapted from (Yang et al.,
2013; Alba, 2013; Sirin, 2013).

The harvested biomass is then transported via pump to an extraction chamber where a
primary nanoparticle separation process is performed (Figure 3.71) followed by a drying
of the particles (Figure 3.7J). The remaining extract can be used for specialty chemicals
production, PUFAs supplementation or biodiesel (Figure 3.7K, L and M). For this analysis,
no additional conversion of waste or residues was taken into consideration. All residues
were considered as waste and were not included for recycling or as input to other
systems or processes within this system, guaranteeing a more conservative set of values
for the performance of the algae-based production of nano silver. At this point, the gate
is reached and the functional unit is produced (i.e. kilogram of silver nanoparticles in

colloidal in 20% suspension) ready to be delivered.
3.7.2.3 Special considerations and assumptions

Microalgae uses CO;, and inorganic compounds to produce biomass and on average, one
kilogram of dry biomass of algae requires 1.8 kg of CO, (Falkowski & Raven, 2007). The
core nutrient of the process is CO,, which is in turn transformed into carbohydrates and

molecular oxygen in the presence of water (Falkowski and Raven, 2007).
2,C0, + 2,,DH, + photons - 2(CH,0),, + 2,D0O
Carbon dioxide + electron donor + light energy > carbohydrate + oxidized electron donor.

From the previous equation, we can deduce that for oxygenic photosynthesis the balance

turns into:
2,C0, + 2,,H,0 + photons - 2(CH,),, + 2,0,

CO, is not the only limiting factor when growing algae in controlled environments. A series
of macro and micronutrients are indispensable to guarantee proper cultivating
conditions. Nutrient solutions are prepared by mixing soluble molecules of different
chemicals (usually as salts) and water (either regular or distilled). For the purposes of
this document this nutrient solution will be referred to as growth media (GM) indistinct of

the name of media specific for the kind of algae that is to be chosen. Besides carbon

88



(CO2) the most important macronutrients nitrogen, phosphorus and silicon and major
ionic forms of sodium, potassium, magnesium, calcium, chlorine, and sulfur (i.e., Na*, K",
Mg,*, Ca,*, CI, and SO4%) will help regulate the growth rate of the culture. For the normal
growth of the selected species (P. tricornutum) the growth medium used was a modified
L, medium with a 25% surplus of silicon in (CML;+Si) artificial seawater medium as
described in 3.1.1. of this document. Each element was included in the bill of materials
as input to the system and the manufacture process is included to account for impacts
on the manufacture of the chemical. The preparation method was accounted for

electricity use as part of the mixing and conditioning process.

It was assumed for this analysis that the proposed PBR system can increase the
photosynthetic yield to 5% but it is understood that the ceiling is 10% due to physiological
limitations (Stephens et al., 2010). Losses due to human error and equipment failure were
established around a non-cumulative 5% with an uncertainty value of +1%. Being a closed
system, these values were determined by assuming function within ranges of industry,
and no frequent losses due to human error. Outflows were considered as part of the
maintenance of the equipment, and harvest of total biomass accounts for the drainage

of the vessels.

The latent heat considered for evaporation of the culture medium was the same known
for water vaporization, i.e. 2,548 kJ/kg; 1 kJ/kg = 970.5 Btu/Ib, = 541.7 kcal/kg (Datt,
2011) so for a 30% harvest a day, each harvested vessel would require around 3.440x10’
kJ for drying the harvest of one single vessel (1.152 x 108 kJ for drying the whole vessel).
Now, that was found to be quite expensive and altogether made the system inefficient
even with high-value products. A separation engine (Evodos STP dynamic settler type 25,
Evodos, Netherlands) to treat 4,000 L of harvested slurry per hour and returns an almost
extracellular water free slurry easily processed in the downstream steps was
recommended and included in the calculations. In this case, a content of water of less
than 5% translates into 0.05 kg of water per kilogram of biomass harvested and a net
energy expenditure of 112.85 kJ. At the same time, less than 1% of water per kilogram of
nanoparticles (0.01 kg) translates into 22.57 kJ of total energy used for drying per

kilogram of nanosilver so a factor of 6.561x10”7 was used in the final product of

89



nanosilver from algae. The manufacturing provided energetic consumption values, a
recovery efficiency of 95% and a water recirculation of 90% was taken to the production
stage of the biomass. Energy required for concentration was taken as 150 kJ kg™ of water

as reported by the manufacturer of the concentrator (Evodos, 2013).

The life span of the system was defined as fifteen (15) years after construction for the
tank and container components, pipes and lines were considered to last between 5 and
10 years according to the manufacturer, and their replacement was considered by
multiplying the value by a factor of 3 (assumed at 5-year replacement for pipes and lines).
According to the manufacturer of the separation equipment, the value for the equipment
was assigned as a portion of the total volume that the equipment could handle in a
lifespan of fifteen (15) years (Total volume for lifespan was established as 2.19 x 10’ m®
factor 4.566 x 10°°). The illumination system, including LED lights and non-imaging optics
conductors were adjusted by a factor of 1.5 for LED bulbs, and 0.75 for the non-imaging
system to account for the production during a total of fifteen (15) years. The total
production of an algae unit during the lifespan of the system was considered on average
as 16,450 kg dried biomass year ' for a total of 246,765 kg and the system factor of weight

on one kilogram of algae was calculated accordingly (4.0524 x 10°°).
3.7.3 Inventory data collection
3.7.3.1 Regular silver nanoparticle data collection

Inventory data for the industrial silver nanoparticle production process were collected
from a systematized analysis of material flow which was used as reference for the
process mentioned before. Individual parameters for impact were extrapolated on the
production of indium tin oxide powder in a suspension of hydroquinone in nanoscale
production, via co-precipitation from a raw aqueous solution, like the one used to produce
the silver nanoparticles, starting from silver nitrate (AgNO3) based on Swiss standards,
and accounting for geolocation differences (uncertainty). Approximation, extrapolation,
and normalization of data were performed using the available Swiss standard values and

modifying available data for Canada (Lautier et al., 2010; Roy et al., 2014).
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3.7.3.2 Biogenic silver nanoparticle data collection

Inventory data for the biogenic silver nanoparticle process were collected during previous
feasibility assays for the use of P. tricornutum for the bioremediation of silver pollution
combined with regular culturing techniques for the same species. HVLS-system
extrapolation data were calculated with assistance of modelling approaches available on
an excel file but not included here. Values for productivity were assumed comparable to
those in regular flat PBR systems and laboratory production (Spruijt et al., 2014). During
the previous studies, data were collected at intervals and growth curves and average
maximum productivity in optimal conditions were recorded, including growth data with

silver treatments around the maximum non-lethal rotatable design (CRN).
3.7.3.3 Quality and consistency of data

Unfortunately, due to budgetary constraints, no actual emission data measurements were
made for either system in a full scale, thus published and database values were used
(Lardon et al., 2009; Clarens et al., 2010; Sander & Murthy, 2010; Stephenson et al., 2010;
Brentner et al., 2011; Collet et al., 2011; Campbell et al., 2011; Singh & Olsen, 2011; Sills
et al., 2013; Barlow et al., 2016; Gnansounou & Raman, 2016; Kern et al., 2017; Mu et al.,
2017). Quality of some of the data cannot be verified and some emission measurements
taken at laboratory scale cannot be consistently extrapolated to industrial scale
production. Some data were based on European unit process data considered to vary
little from the Canadian (Quebec) information, uncertainty for said cases were
considered. Given these conditions, the study cannot contain a data quality rating
assessment, as ratings for some data found in the databases were not known. Process
data for different units were adapted to equal levels of detail to allow comparison among
both systems. Availability of resources was assumed to be 100% and all elements were
sourced locally, with less than 10 km transportation processes for the chemicals.
Biogenic carbon was not included on the traditional industrial system, but was included
in the algae production system. Differential values were considered and accounted for,

given the differences in the two methods of production (Sills et al., 2013).
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The factors used for characterization only refer to flows contained in the reference data
of the openLCA software, including the databases mentioned before. Numerous flows
were not included in the list of references as some of the elementary flows are not used
by current available databases. The flows the highest characterization factors were
selected when different values for the same element were found in different databases
(Acero et al., 2017).

3.7.4 Life cycle impact assessment

The categories of environmental impact assessment comprised in the Green Delta
openLCA methods uses a wider number of factors than those used by Ecoinvent.
Additional factors come from the application of normalized and weighed ecoinvent
factors as found in different methods. Table 3.2. contains a description of the most
common impact categories that can be found in some of the recognized methods for

impact assessment (Acero et al., 2017).

Table 3.2. Impact categories available per impact analysis method. Green blocks and red
blocks represent the availability or unavailability of the category in the presented method.
(Acero et al., 2017).

Categor c | ~q
gory s 3
= = o
S c @ S o
= o o += O
Q o = © <=

) > = o) 5| =

2|3 §| 5| X o | Egl 8

S| & |3 2% |3 © = E

o B ° > @ et 3 I} 2| o2 E

= (&) [0} = f o = o 9} © SOl @c

I P o L > = o » 4 L2l o

Q = < > c 5 © © =

= = > 3 & o ] £ > © | o=l o6

S o = — e E N he] = c = 25

o 1S 17} ° [0} = ‘= c o o £ ol 08

[3) = 0] ] c > =} S © o N © 0| £ X

Method < (&) o w i (I T o | o o o x|l ao

CML (baseline)

CML (non-baseline)

Cumulative Energy
demand

Eco-indicator 99 (E)

Eco-indicator 99 (H)

Eco-indicator 99 (1)

Eco-scarcity 2006

ILCD 2011, midpoint

ILCD 2011, endpoint

ReCiPe Endpoint (E)

ReCiPe Endpoint (H)

92



ReCiPe Endpoint (1)

ReCiPe Midpoint (E)

ReCiPe Midpoint (H)

ReCiPe Midpoint (1)

TRACI 2.1

USEtox

For the LCIA of this document, two methodologies were taken into consideration for the
analysis of environmental impacts, TRACI Version 2.1 (Bare et al., 2012) and ReCiPe
Version 1.11 (Goedkoop et al., 2009) and a comparison of the performance of both
systems under each of these methodologies was used to account for differences in
geolocation. Table 3.2 shows a short description of each of the categories used for
analysis with a definition, the description of the impact indicator, special considerations,
the damage categories, and the unit used to normalize the contribution of each element
in the LCI. Table 3.3 shows a comparison of the Impact categories included in each of
the methods. It is noteworthy to mention that not any one method accounts for all

categories established.

For these calculations, nine common environmental indicators were considered (i.e.
acidification, ecotoxicity, eutrophication, climate change, human toxicity, ozone layer
depletion, photochemical oxidation, particulate matter, and resource depletion). Given
that TRACI 2.1 does not include a method for calculating ionizing radiation and land use

(Table 3.3), these categories were not considered for comparison.

The LCIA was performed based on inventory data using OpenLCA software following the
elements of the ISO 14044 (ISO, 2006). Midpoint and endpoint indicators were chosen
based on their relevance to the functional unit in use and on the process of production.
Results were presented on a normalized comparison form based on the ISO
normalization category (ISO, 2006). Values based on world population were used. The
potential impact on human health and environmental burden were evaluated using
ReCiPe 1.08-2008 (Goedkoop et al., 2013). The three perspectives (i.e. individualist,
hierarchic, and egalitarian) were chosen and compared (Goedkoop et al., 2008), and the

100-year horizon for climate change for comparison of sensitivity analysis.
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Table 3.3. Comparison of Impact categories TRACI 2.1 vs. ReCiPe 1.11. Comparison of

the Impact categories included in the analysis from TRACI 2.1 and ReCiPe 1.11 (Acero et

al., 2017).
Impact Name of Category in ReCiPe 1.11
o Name of Category Midooint Endpoint
e in TRACI 2.1 idpoin ndpoin
Group E H I E H I
Terrestrial Acidification Terrestrial Acidification
Acidification | Acidification TAP500-E TAP100-H | TAP20- | TAPInfEQE | TAP100EQH | TAP20 EQ
Freshwater Ecotoxicity Freshwater Ecotoxicity
FETPinf-E | FETP100-H [ FETP20-1 | FETPInfEQ-E [ FETP100 EQ-H [ FETP20 EQ-I
Marine Ecotoxicology Marine Ecotoxicity
Ecotoxicity Ecotoxicity METPinf-E METP100H | METP2% | METPinf EQE | METP100EQ-H | METP20 EQ
Terrestrial Ecotoxicology Terrestrial Ecotoxicity
TETPinf-E | TETP100-H [ TETP20-I | TETPinfEQ-E | TETP100 EQ-H [ TETP20 EQ-I
Freshwater Eutrophication Freshwater
o Eutrophication, FEPInf-E | FEP100-H | FEP20-]
Eutrophication total Marine Eutrophication
FEPinf EQ-E FEP100 EQ-H FEP20 EQ-I
MEPinf-E [ MEP100-H | MEP20-| Iy 3% oY v
Climate Change Climate Change
Climate : GWPinf HH-E | GWPT00 HH-H | GWP20 HH-
Change Global Warming | \yp500 £ GWP100-H | GWP20- ,
GWPinf EQ-E GWP100 EQ-H GWP20 EQ-I
Human Health -
air pollutants - -
criteria Human Toxicity Human Toxicity
Human toxicity | Human Health -
carcinogenics
Human Health - | HTPinfE HTP100-H | HTP20-1 | HTPinfHH-E | HTPT00 HH-H | HTP20 HH-I
non-carcinogenics
o ! Ozone Depletion Ozone Depletion
zone  layer Depleti ODPinf-E ODP100-H | ODP20-|
depletion LU il ODinf HH-E 0D100 HH-H 0D20 HH-I
M2E-E M2E-H M2E-|
lonizing N/A lonizing Radiation lonizing Radiation
Radiation IRPinf-E | IRP100-H IRP20-| IRPinf HH-E | IRP100 HH-H IRP20 HH-I
) Photochemical Oxidant Formation Photochemical Oxidant Formation
Photochemical Smog Formation POFP20-
oxidation 9 POFPinf-E POFP100-H | POFPinf HH-E POFP100 HH-H | POFP20 HH-I
Agricultural Land Occupation Agricultural Land Occupation
ALOPinf-E ALOP100-H 'IALOPZO_
ALOPiInf EQ-E ALOP10 EQ-H ALOP20 EQ-I
LOPinf-E LOP-H LOP-I
Land Use N/A Urban Land Occupation Urban Land Occupation
ULOPInf-E ULOP100-H IULOPZO_ ULOPinf EQ-E ULOP100 EQ-H ULOP20 EQ-I
Natural Land Occupation Natural Land Occupation
LTPinf € LTP100-H LTP20T1 || tpinfeQE LTP100 EQ-H LTP20 EQ-|
LTP-E LTP-H LTP-I
. Particulate Matter Formation Particulate Matter Formation
Particulate N/A PMFP20- PMFP20 HH-
Matter PMFPinf-E PMFP100-H | | PMFPinf HHE | PMFP100 HHH | |
Metal Depletion Metal Depletion
Resource MDPinfE__ [ MDP100H | MDP204 | \\oicone | mpP1oORDH | MDP20 RDA
Depletion/ Resource Fossil Depletion
Depletion  of | Depletion - Fossil | FDPinf-E | FDP100-H [ FDP20-1 | Fossil Depletion
Abiotic Fuels e Bl
Resources arer mepretion FDPinfRD-E | FDP100RD-H | FDP20 RD-l
WDPinf-E | woP100-H | wDP20-
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To compare region-specific methods ReCiPe, CML, and TRACI were used, based on the
same parameters. Proximity with the US (TRACI) was considered for longitude
comparison, and latitude was based on the similarities with Northern European countries.

Sensitivity analysis with TRACI and ReCiPe were used to compare overall results.
3.8 Experimental design

A sequence of multiple mixtures and experiments were defined to describe and/or
explain the variation of responses under heavy metal stress by silver, vanadium, and
molybdenum (i.e. treatments). Based on the expected outcome, different levels for each
treatment in a mixture design that accounted for less than 10 % of the concentration of
silicon in the medium were prepared (Figure 3.8) to assess whether P. tricornutum was
capable to sustain external concentrations of heavy metals. The conditions that were
designed to be altered were ionic concentrations of metallic elements (i.e. silver,
vanadium, and molybdenum) in order to obtain the desired reduction on cell count
(dependent) and reduction on ionic concentrations in the culture medium (dependent)
around a time interval (independent). In terms of validity (i.e. accurate correspondence to
reality), reproducibility (i.e. duplicability), and reliability (i.e. trustworthiness in the results),
the experiment was designed in triplicate and with different levels to determine how well
the correlation of factors to responses were following a preliminary experiment. These
three concerns were addressed via the selection of a good predictor (i.e. cell counts and
density), the management of error (i.e. multiple measurements to account for human and
statistical error), and detailed documentation. Factors that were irrelevant to the outcome
and objectives (i.e. concentration of other ionic elements in the medium, light irradiance,
temperature, light cycle, and pH) were controlled and monitored to account for and reject
potential confounding effects of those factors that were considered outside of the scope

and irrelevant to the objectives.
3.8.1 Statistical methods and analysis

Complementing the experimental design, results were analyzed with a specifically
devised analysis of variance (ANOVA). Properly devised statistical analyses took into

consideration the type of effects, the different assumptions of specific regression and
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ANOVA models, and the inference space (SAS Institute, 2015). Changes in the response
due to changes in factor levels were defined as effects. Experiments were used to
determine whether significant differences in the responses across different levels of
each given treatment (i.e. fixed effects, metal concentration) or if any interaction among
treatment levels existed (Fang, 2005; Montgomery, 2009). These types of analyses were
quite straightforward and anomalies such as outliers, missing data, homogeneous
variances, and unbalanced sample sizes were easily managed (SAS Institute, 2015). The
elements of the design (i.e. temperature, pH, light irradiance, nitrogen concentration)
were assumed to have no interaction among them and elements of the treatment

structure blocks (i.e. ionic compounds) and thus were treated as fixed effects.
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Figure 3.8. Experimental levels. Values for silver, vanadium, and molybdenum were
defined around a three-element mixture design. Levels for each element were set at
concentrations proportional to the total mixture (10 % of silicon content in the culture
medium) at 0 (not added), % (half of the mixture belongs to the element and half to
another as in point type 2), 1/3 (all elements added in proportional concentrations
equally).
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No error specific to the model was assumed, that is, the response corresponds to the
dependent variable, that the independent variables influence the dependent variable and
that the relationships between the dependent variable and the independent variables is
linear, not nonlinear, in the parameters. Correspondingly, measurement error was
assumed, i.e. the dependent variables were continuous and that the independent
variables were measured correctly and accurately, which was confirmed using several
correlations of measuring methods and multiple counting on the same samples. Low
correlation between two independent variables (no collinearity) was also assumed, and
finally, the error term and residuals were assumed to have a mean equal to zero,
homoscedastic, did not show signs of autocorrelation or large correlation between
independent variables, and were normal in distribution, which was confirmed via

statistical testing.

Finally, the inference space was defined as the species Phaeodactylum tricornutum
(CPCC 162), grown under the conditions described above and results obtained within the
design of this specific experiment could not be extrapolated or transferred to a different
species or strain unless proper test for this possibility was performed (Fang et al., 2005;
Montgomery, 2009; SAS Institute, 2015).

3.9 Additional considerations
Once the methods and materials required for the experimental procedures were
identified, the execution of the trials, the report, and analysis of results followed a specific
format to present a more accurate image of the soundness of the experiments. Initially,
information on the monitoring of the cultures is referenced as a preamble to introduce
the lack of effects from other factors not included as treatments (e.g. temperature and
nitrogen concentration). The following results show the culture and biomass
modification for the first response variables after the treatments were introduced to the
culture. Emphasis was given to growth under the treatments and the relation discovered
via statistical analysis of the effects of each treatment (i.e. stressors) on the growth of
the cultures, and potential associations among the three. Variation of biomass was
quantified and the changes in the ionic content in the medium were measured.

Additionally, the physical properties of the algae were determined via optical and elctron
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microscopy analysis. Next, an analysis of the elemental composition of the solid phase
of the culture was presented to show how the production of silver nanoparticles was, in
fact, a by-product of the remediation by algae and not a mere chemical response for the
interaction between the medium ionic species. Finally, the results of the LCA are

presented and analyzed.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 General monitoring

Temperature data yielded a linear relation between mercury measurements and IR
readings with an R? of 0.99821 which demonstrated that the temperature read from the
non-contact IR thermometer was closely related to the actual mercury-based
measurement and thus the method was accepted to monitor the temperature of the
culture (i.e. water). The relation of the two temperatures was determined by the equation
Thg = 0.5749 + 0.9401T g, where Tygq is the value measured by the mercury thermometer
and Tr is the value measured by the infra red sensor. Regular monitoring showed that the
temperature along the culture units remained constant with a maximum at 20.3 °C and a
minimum at 15.7 °C with no stratification along the culture units. Irradiance was

maintained between 75 and 92 pmol-s”"-m™
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Figure 4.1. Temperature correlation mercury and IR measurements. A) Graph showing
the correlation between the measurement of temperature using a mercury thermometer
and an IR-laser sensor prediction shadows account for 95% of the measurements and. B)
Temperature measurements clustered by irradiance levels. Ranges remained between

15.7 °C and 20.3 °C while irradiance ranged between 75 and 92 pmol s'm™.

Nitrogen as nitrate curve (Figure 4.2) showed an inverse correlation between culture
density and available nitrogen, although the available nitrogen never reached a
concentration value lower than 5% of the original concentration of the medium at the time

of inoculation (6.572 x 102 g NO5L"). It was therefore established that nitrogen limitation

99



was not a factor triggering the uptake of silver nitrate as a source of nitrogen because

the concentration of this reagent was never above 0.001% that of available nitrogen.
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Figure 4.2.Nitrogen concentration curves. Measured as a total of nitrogen as nitrate,
measured in pg NOs“L", each time the culture was sampled. The red lines label the
difference between the maximum and minimum concentrations; the difference between
initial concentrations and final at 150 hours does not account for 5 % of the initial

concentration at any given time and point in any of the set of cultures.
4.2 Cell culture and biomass determination

Visual exploration revealed that there were no apparent changes in the appearance of the
cultures during the first days after the introduction of the heavy metal treatments. It was
only until after the seventh day after heavy metal treatments were administered that some
of the cultures started to show apparent changes in physical appearance as signs of
decay. The cultures with silver levels at 1.5 mM showed the highest degree of visual
deterioration which was later confirmed by cell counts (Figure 4.4 silver level 1); however,

these cultures returned to healthy visual appearances after the fourteenth day of culture.
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Figure 4.3. Cell density graphs. Comparison of cell density (cells x mL™) counts for heavy
metal concentrations and regular growth (control on the far right). (A) The triangles on
the top represent the different levels of concentrations for each treatment level (i.e. ionic
concentrations) used during the experiment. The horizontal line represents the maximum
level of growth after heavy metal insertion and is provided as reference to the control
growth curve. (B) The graph shows a phased-out plot of the control cultures (i.e.
treatments equal to zero), accounting for the stress induced by the addition of the

treatments the highlighted color markers correspond to the period where the treated
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cultures returned to normal growth (after 180 hours after treatment), shadows show the

clustering of values around 90% similarity or correspondence in trend.

To confirm the apparent visual lack of effects due to heavy metal addition, growth curves
were built based on the data for the measured values of cell density [cells'mL™"]. These
curves show an apparent halt in the growth of the cultures when compared to the control
group during the first five days following the introduction of the treatments (Figure 4.3 B
in shadowed region). It seems like the introduction of the metals hindered the ability of
the cells to replicate or divide as sown by the behavior of the treatments compared to the
control group in Figure 4.3 A. The presence of the metal treatments altered the growth
response as perceived in the changes of slope in the graps of Figure 4.3 A. A decreased
slope in the growth curves at different levels of silver (Figure 4.4) suggests that the
reproduction of the cells was somehow affected by the presence of the different
treatments. It is possible that the cause of this “lag” period is the increased sorption of
the metals by the algae prior to a slow release back into the medium like what was

reported by Skjak Brek et al. (1980) for cadmium and zinc.

The set of parameters came from estimates derived from preliminary results of a
response surface analysis of the data. The analysis yielded the following equation, which

plots into the graphs shown in Figure 4.5.

Cell Density = 12.59 + (79.06xAg) + (-480.03xV) + (162.26xMo) + (-86.14xAg?) + (385.21xVxAQ)
+ (472.85xV?) + (-256.65xMoxAg) + (304.60xMoxV) + (-169.22xMo?). (Equation 4.1.)
From the equation above, the values of the term estimates of the different treatments
(i.e., silver, vanadium, and molybdenum in concentrations of 0.025; 0.05; 0.1; 0.075; and
0.15 mM/L) were used as the parameters for the GLIMMIX (Theriot & Stoemer, 1984)

analysis, which yielded the following pair of equations:

A = 1.4985 + (0.1876xAg) + (0.1874xV) + (0.3084xMo) + (-0.004AgxV) + (-0.7585xAgxMo) +

(0.5037xVxMo) + (-0.9614xAgxVxMo) (Equation 4.2.)
B = 0.2492 + (-0.2477xAg) + (-0.2348xV) + (-0.2760xMo) + (-0.0736xAgxV) + (0.1104xAgxMo) +
(-0.0876xVxMo) + (0.5571xAgxVxMo) (Equation 4.3.)
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Figure 4.4. Growth performances under silver stress at different levels.

A shifted t distribution analysis showed a high level of correlation among the observed

values for the constant parameters of the predicted model. From the analysis of variance

for the model it is possible to observe that the test for each factor (Ag, V, and Mo) was

highly significant, p < 0.0001. The mixture of signs, on the eigenvalues, indicates that

there was no unique solution to the eigenvector equations. Therefore, there was no

stationary minimum or maximum indicated by this data. The stationary point was a
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saddle point. It was determined that to maximize the experimental measure further, a

central rotatable composite design experiments should center on maximum predicted

concentrations of 1 x 10* M for silver, 1.5 x 10* M for vanadium, and 1 x 10 for

molybdenum based on the results of the ridge analysis.
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Figure 4.5. Surface plots for cell density. Set of surface plots derived from the equation

for cell density of the surface response analysis, (@) molybdenum at a silver level of

0.6173, (b) silver at a molybdenum level of 0.1958, and (c) vanadium at a molybdenum

level of 0.1875. The trend of these graphs shows an apparent saddle point outside the

concentration values of reference (SAS, 2015).
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For the second portion of the treatment assays, the increased concentration levels for
each treatment (silver, vanadium, and molybdenum) introduced with the new design
looked to determine the specific growth response of the algae to pollutant stressors (i.e.
treatments), and an explanatory model analysis was selected. The goal was to determine
the relationship among the parameters of the model (i.e. cell density, silver, vanadium,
and molybdenum concentrations). A preliminary ANOVA using time as a predictor
variable alone, showed significant evidence to reject the null hypothesis thus providing
evidence of some relationship between time and cell density. However, when including
the treatment levels as grouping factors, the R? increased by 10%, which suggested a
better fit model based on the interaction of the treatments in time. The model explained
to some extent the effects the stressors had on the growth of the culture (cell density).
Further exploratory methods were used to determine how well a different non-linear
model would have explained the data. A principal component analysis (PCA defined by
Theriot & Stoemer, 1984) was performed on the responses of the variables which was
started by using the value of one as prior commonality estimates for each component
(Ray-Mukherjee et al., 2014). After using the principal axis method, followed by an
orthogonal rotation (i.e. varimax), it was possible to extract the components (Kim &
Mueller, 1978; Kline 1994). From this analysis, it was found that only three elements had
eigenvalues greater than 1.00, and a scree test (D’Agostino & Russell, 2005) suggested
that all three were meaningful (Figure 4.6). Therefore, these three components were
retained for rotation. When combined, these components accounted for roughly 80% of

the total variance (44%, 23%, and 13%, respectively).

While interpreting the rotated factor pattern, an item was recognized to load on a given
component if the factor load was 0.40 or greater for that component and less than 0.40
for the other. Following these criteria, two variables were found to load on the first
element, which was subsequently labeled “lon Change” based on the characteristics of
the variables involved. Two variables individually loaded on the second and third
components labeled “lon Read” and “Growth” respectively. The two ions that showed the

strongest incidence in the response variable (cell density) were silver and vanadium.
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Figure 4.6. Scree and variance plots principal component analysis. Scree and variance
plots from the Principal Component Analysis. The total accumulative variance of factors
1, 2, and 3 accounted for 80% of the total. These three factors were affected by the

changes in lonic concentrations (SAS, 2015).

Following the component analysis, the data were grouped (blocks) and increasing the R®
for the model closer to 1 (0.999). When the change in silver concentration was compared
to the different variables, the effects with significant evidence for the fit of the model
were: 1)the change in cell density after stressor introduction (DeltaDensity); 2) time
(Time); 3) their interaction (DeltaDensityxTime); 4) the level of silver introduced to the
system (AgIn) and its interaction with both 5) the change in cell density
(DeltaDensityxAgln) and 6) time (TimexAgln); 7) the level of vanadium introduced (VIn)
and 8) its interaction with time (TimexVIn) and 9) silver (AginxVIn) were considered.
When the analysis included the different levels of molybdenum as a stressor, there was
no significant evidence to reject the null hypothesis (no effects) either for silver or
vanadium, and thus, molybdenum was not included in further analysis. From the previous
results and statistical analysis, it is possible to see some level of relation between the
concentration of the two stressors (vanadium and silver) and the cell density. The
grouping of the data provided some evidence of interaction between the cell density and

the availability of ions in the medium. The changes in ionic concentrations over time and
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their relationship to cell densities suggest that in some way the cells were responsible for
this variations and further analysis is required to determine the degree of interaction and
variation caused by changes in ionic deliver and cell densities. All the data analysis for
this paper was generated using SAS software, Version 9.4 of the SAS System for
Windows (SAS, 2015).

4.2.1 lon removal from the water column

Upon the addition of ionic treatments (i.e. silver, vanadium, molybdenum), measurements
with ICP analysis accounted for silver and vanadium with reduction in ionic concentration
in the liquid medium equivalent in percentage from 90 to 98% of the original silver
concentration (Figure 4.7 in blue) for all levels of silver, and between 70 and 90% in
vanadium (Figure 4.7 in red). Upon observation, the concentration of molybdenum that
generated a more consistent performance in the reduction of ionic concentrations in the
medium was 1.35 x 10” g Mo-L™" which accounted for a more elevated and collected
removal in all concentrations of silver and vanadium (Figure 4.7). When no molybdenum
was added to the mixture, it was clear that the removal ratio was not enhanced in any
way and concentrations of both silver and vanadium were the influential factor. Once
molybdenum was added, the overall performance of the culture in the removal of the ionic
species was enhanced and higher concentrations reduced the differences in removal for
all levels and concentrations of silver and vanadium. However, excessive molybdenum
(i.e. concentrations above 1.35 x 10* g Mo-L™") returned the performance to a less

consistent reduction of ionic concentrations in the medium.

As mentioned before, molybdenum is an essential trace element in the metabolism of
carbon, nitrogen and sulfur species inside the algae, and indirectly influences the
formation of metallothionein proteins being part of the major facilitator superfamily of
proteins (Tejada-Jiménez et al., 2011) and low concentrations of the ion, could
correspond with a limited activity of the proteins. Equally, excessive concentrations of
molybdenum in the surrounding medium can account for interference in the metallic
defense mechanisms, as higher concentrations can compete for the intake of vanadium
(Pannesi et al., 2013). This can be inferred by the fact that after molybdenum

concentrations surpassed the ideal value (i.e. 1.35 x 10 g Mo-L™) the consistency of the
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performance was affected and the predictor interval widened as seen in Figure 4.7 for
level at 1.69 x 10* g Mo-L", where only the vanadium removal is affected by excess
molybdenum (red).
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Figure 4.7. Silver and vanadium removal ratios agglomerated by molybdenum level. lonic
removal ratios of silver (blue) and vanadium (red) classified by molybdenum treatment
level. Darker shadows represent the confidence interval (90 %) of removal for each time
of measurement (in minutes), and lighter shadows represent the predicted variability in

removal in time.
4.2.2 Physical appearance

For convenience during the SEM observations, five (5) type of structures were identified
and analyzed within the scope of this research. The first type of structure was labeled as
a damaged cell/frustule with extracellular contents (DMG-EC) and was identified as
structures with a significant amount of frustule constituents (i.e. Si, Mg, O) or flat-shaped
features with a strong proximity of organic contents (i.e. C) from the cell as it can be seen
in Figure 4.9 (point 1 the frustule structural elements and point 2 the exuded organic,

mostly carbon based) and Figure 4.10 (point 4). The second type of structure was a
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regular spherically-shaped particle, labeled extra-cellular particle (ECP) that appeared
structurally detached and concentrated near the frustules (cellular bodies) with a
diameter of less than 100 nm (Figure 4.10, point 3), these particles were visible near
clusters of frustules or DMG-ECs, therefore, special attention was given to clusters or
abundant occurrences of these formations. These formations were principally made of
elemental silver, carbon (probably background organic matter from the cell), and oxygen
(point 3). The third type of structure was labeled as a surface particle secretion (SPS) and
consisted of clear formations, of amorphous shape, coming from the frustule surface
slightly attached to the frustule structure (Figures 4.11 and 4.12; points 5, 6, and 8). Some
surface secretions sometimes appeared as a formation altering the shape of the surface
of the frustule body, in this case they were labeled as the fourth type of structure listed or
surface grown body (SGB) as seen in Figures 4.12 (except point 8) and 4.13. The fifth
type of structure was the background (BKG) and was sampled to account for
interferences caused by the elemental composition of the stub (Figure 4.14). A full
classification with the chemical analysis of each point presented on the figures of this
document is listed in Table 4.1. The sizes of the particles (i.e. diatom frustules) observed
in this study ranged from 5-20 pm. Under regular growth conditions, most of the frustules
ranged in size from approximately 10 — 20 um and were generally fusiform, i.e. spindle-
like shaped, tapering at both ends, and wide in the middle (Figure. 4.8). After the heavy
metal stress described in the Section 3.1 in materials and methods was applied, the
shapes mostly retained the traditional fusiform shape of P. tricornutum (Figure 4.8), but

with a reduction in the size distribution and range (5 to 10 pm).

The images of the diatoms frequently showed damaged frustules with agglomerated
magnesium and silicon oxides spilled around the general shape of the frustule (detail
visible in Figure 4.9, points 1 and 2). Minerals and mineral aggregates (Figures 4.10, 4.11,
4.12, and 4.13) often appeared as amorphous surface secretions from the cell. Special
attention focused on agglomerated and regularly shaped particles of less than 200 nm in
diameter (usually > 100 nm) that appeared near the surface of destroyed frustules in the
treatment with a silver concentration of 1.47 x 10* g L™ (Figure 4.10, point 3). This

concentration of silver was found to be the maximum that the organism could sustain as
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measured in the previous assessment to the capacity of P. tricornutum to whistand
heavy-silver polluted waters. Further analysis with the EDS detector showed these
particles measured high concentrations of silver, aluminum, carbon and oxygen. Smaller
sized frustules showed the appearance of being irregularly shaped around the apical ends
of the silicon structures (Figure 4.13) which were found in the lower end of the size

distribution in frustules (around 5 ym in size).

C D

Figure 4.8. P. tricornutum under optical microscope. Optical microscopy images of
regular shaped cultures of P. tricornutum. A) and C) normal appearance of a culture of P.
tricornutum under normal growth; B) close visualization of cells, D) the fusiform shape of
the average cell and some reproductive cells joined along the valvar axis (Measure bar =
10 ym).
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4.2.3 Elemental composition

As determined by EDS, the elements considered of interest in the samples were aluminum
(all points), silicon (except points 2, 14, and 15), magnesium (except points 14 and 15),
carbon (except points 14 and 15), silver (point 3 and a considerably low concentration on
point 9), sodium (points 7- 12), nitrogen (except points 14 and 15), calcium (point 6),
molybdenum (low concentration on all points and absent on 1, 14, and 15) and oxygen

(all points). Lower amounts of potassium (points 7, 8, and 9) and sulfur were observed in

some areas of the samples.
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Figure 4.9. Typical P. tricornutum frustule damage after heavy metal treatment.
Backscattered electron (BSE) images of frustule damage (DMG) tied with EDS analysis
of focal points. Magnesium and silicon exhuded as amorphous growths (point 1) to the
outside of the frustule (near point 2) from typical P. tricornutum frustules grown under
silver stress (Measure bar = 2 pm). Axes correspond to kilo-electron volt (i.e. keV) for the

independent axis and counts per second per electron-volt (i.e. cps/eV) for the dependent.

111

4.0



From a purely chemical constituent perspective, high peaks of oxygen, and carbon were
common in most measurements (points 1, 2, 4-13), usually peaking outside the range of
other elemental compositions, except for oxygen on point 3 (Figure 4.10). Additionally,
the EDS analysis of constituents of the mineral aggregates showed a proportionally
considerable content of aluminum (points 1- 15), magnesium and silicon (points 1, 5, and
7-13), sodium (points 7-13), and iron (points 1, 5, 7, 10-13, and 15). A higher intensity
measure (Figure 4.13) showed the presence of some peaks that could be overlapping
with other elemental concentrations (i.e. molybdenum, calcium, potassium, vanadium,
and phosphorus) that appear at the lower threshold of confidence of the equipment and

thus were not considered in the analysis of the particles.

Table 4.1. Classification and composition of structures. Classification and general
composition of the points and structures identified for analysis from the treatments.

Analysis made using SEM-EDS.

Point | Type Si Mg | Ag | Al Mo |C o N Fe [Cu |P Ca | Na | Figure

1 DMG-EC | 38 |53 |- 10 |- >10. [ >10. [ 1.5 [1.0 |- - - 07 |2
0 0

2 DMG-EC |- 05 |- 06 | <05 [>10. |69 |48 |- - <05 |- 05 |2
0

3 ECP 05 |10 |24 |64 |<04 |38 |14 |<05 |- - - - 05 |3

4 ECP <05 |04 |- <05 [ <05 [>10. |40 |[37 |- - - - 04 |3
0

5 SPS 25 |40 |- 11 | <05 [>10. [>10. |25 |08 |- - - 05 |4
0 0

6 SPS <05 | <05 |- 11 [ <05 [>10. [52 |20 |- - - <05 |03 |4
0

7 SGB 13 |16 |- 29 |[<05 [>10. [90 [26 |05 |- - - 11 |5
0

3 SPS 14 |14 |- 29 |[<05 [>10. [90 [23 |- 09 |[<05 |- 12 |5
0

9 SGB <05 | <05 |01 |07 |<04 |»>10. |60 |23 |- 09 | <05 |- 09 |5
0

10 | SGB 25 |50 |- 90 |[<05 [66 |86 |12 |08 [12 |- - 08 |6

11 | SGB 29 |35 |- 27 |[<05 [>10. [>10. [1.7 [09 [07 |- - 09 |6
0 0

12 | SGB 33 |45 |- 19 [<05 [>10. [>10. |16 |10 |07 |- - 12 |6
0 0

13 | SGB 25 |30 |- >10. [ <05 |56 |80 |10 |08 |14 |- - 07 |6

0
14 BKG - - - 330 |- - 1.0 - - 2.0
15 | BKG - - 248 |- - 18 |- 20 |65

Definition of Point Types:
e DMG-EC - Damaged cell, exuded contents
e ECP - Extra-Cellular Particle
e SPS - Surface Particle Secretion
« SGB - Surface Grown Body
. BKG - Background
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Figure 4.10. Typical extracellular particles under silver stress in P. tricornutum.
Backscattered electron (BSE) images of silver extracellular particles (ECP) produced by
a typical P. tricornutum cell under heavy metal treatment with silver. Concentration level
is 1.47 x 10* g L of silver treatment culture. Notice the mostly spherical shape and
dimension of the particles (<100 nm). Axes correspond to kilo-electron volt (i.e. keV) for
the independent axis and counts per second per electron-volt (i.e. cps/eV) for the

dependent.

Noteworthy is the high presence of aluminum, sodium, magnesium, and silicon, on most
sampling sites, and all points in Figure 4.12 (points 7, 8, and 9), with a small appearance

of silver on point 9. The relative scale shows a higher concentration of ions on point 8
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when compared to 7 and 9. The lowest concentration of elements appears at point 9. The
fact that silicon appears in varied concentrations combined with magnesium throughout

the structure of the frustule in most of the samples, this agrees with the understanding

that this algae species uses facultative silicon deposition (Johansen, 1991; Tesson et al.,
2008; Martin-Jézéquel & Tesson, 2013).
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Figure 4.11. Surface frustule secretion on P. tricornutum under heavy metal treatment.
Backscattered electron (BSE) images of a surface secretion (SPS) from typical P.
tricornutum frustules grown under heavy metal treatment conditions. A heavy deposition
of magnesium and silicon present on point 5 as compared to point 6. Axes correspond
to kilo-electron volt (i.e. keV) for the independent axis and counts per second per electron-

volt (i.e. cps/eV) for the dependent.

The combination of the silicon-magnesium-sodium spots present in most points of
analysis, brought forth the question of whether the sodium ions were part of the
magnesium-silicon matrix or depositions of sodium salts from the surrounding medium.

The concentration of chlorine or other elemental associates for the salt theory in the
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samples suggested that the counts of elemental sodium are not in any way an isolated
precipitation of sodium salts as solubility rules would not account for said phenomenon
in the culture medium (Soustelle, 2016). Furthermore, other alternatives for accounting
the presence of insoluble sodium coming as compounds (e.g. sodium octamolybdate,
sodium aluminate, sodium thiosulfate) could be disregarded, because, except for
aluminum, other elements present in these compounds (i.e. molybdenum, aluminum, and
sulfur) were not present in sufficient stoichiometric counts. Prudence dictates that the
assumption of sodium aluminate formation was not supported by the concentration of
aluminum in the culture medium and that the presence of aluminum counts most
probably were the result of measurements from the elements in the background (Figure
4.14).

Given that the culture conditions were carefully monitored during the duration of the
experimental phase of the research, it is safe to assume that the chemical properties and
composition of the diatom particles could only be related to the original composition of
minerals in the culture medium and the growth conditions, since there was no
contamination or addition of other chemical substances. During the culture process,
owing to the chemistry of water, the concentration of ions caused these inorganic
minerals to become available or to react with other ions within the environment or the
inner space of the cell (Brzezinsk et al., 1990). It is well known that organisms, including
unicellular species, attempt to, and to a certain extent can, maintain the concentration of
specific substances in a specific range. This ability to maintain this balance, no matter
the concentration of the substance in the surrounding environment is known as
homeostasis (Cannon, 1932). During the frustule formation process, amorphous silicon
structures are built by the protein machinery and excessive presence of some ionic
species can be mixed either by mistake (i.e. chemical affinity to silicon ions) or by design
(i.e. specific proteomic response to pollutants) with the silicon matrix producing a
secreted accumulation, or restructuring the final frustule composition to have the metal
held in position (Cumming & Gregory, 1990; Conner & Schimid, 2003; Bowler et al., 2010).
It is well known that the production of antioxidants is one of the mechanisms available

to unicellular algae to fend the potential damage of reactive oxygen species (Krinsky,
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1989; Woodall et al., 1997; Pinto et al., 2003). Algae has been reported to respond to heavy
metal via the action of enzymes (e.g. superoxide dismutase, glutathione peroxidase,
ascorbate peroxidase, catalase) to directly prevent the formation of highly reactive
oxygen species as consequence of heavy metal presence in the environment or in the
cytoplasm (Pinto et al., 2003). It is well known that the ability of algae to accumulate
heavy metals can be increased with the availability of nutrients (Wang & Dei, 2001; Pinto
et al., 2003).

Not accounting for carbon or oxygen counts, the morphology and elemental data
indicated that frustule samples in different locations of the frustule were composed of
over 50% amorphous silicon and magnesium oxides and a lower count of ionic clusters.
The relative distribution of components in each sample is listed in Table 4.1 and
presented to discriminate in graphics by sampling location. Based on the chemical
composition of the culture medium, the relative amounts of aluminum, iron, and copper
were determined to be the result of background emissions from the stub (Figure 4.14,
points 14 and 15), and thus these ions were not considered in the analysis as part of the
sample because the medium contained only trace elements of aluminum from the
artificial seawater, and iron and copper from both the seawater and the trace element
solution (i.e. Ly medium). The relative concentration of silicon and magnesium varied
from location to location although presenting more magnesium than silicon, except for
point 8 where they were almost identical (1:1), and points 14 and 15 (background
measurements) where both silicon and magnesium were absent. These results might be
indicative of a variation dependent on location interfering with the manufacturing process
of the silicon-magnesium frustule in P. tricornutum (Sivakumar et al., 2012). The
exopolymers excreted by a cell of P. tricornutum provide sites for the nucleation of
magnesium ions and crystal growth (Tesson et al., 2008). This reaction probably comes
from the interaction between magnesium and organic matter (i.e. polysaccharides and

membrane proteins) on the cell surface (Tesson et al., 2009).
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Figure 4.12. Abnormal surface growth in P. tricornutum under heavy metal treatment.
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Backscattered electron (BSE) image of surface deformation or grown bodies (SGB)
produced by atypical P. tricornutum cell under silver stress conditions. The growth bodies
were located around the surface of the middle of the frustule, near the center of the trans
apical axis. High presence of Na, Mg, and Si (points 7, 8, and 9), a small concentration of
Ag (point 9) can be seen. Axes correspond to kilo-electron volt (i.e. keV) for the

independent axis and counts per second per electron-volt (i.e. cps/eV) for the dependent.

117

4.0




Nevertheless, the low silicon content is not concomitant with the previous analysis from
Tesson et al. (2008, 2009) for the frustule composition of P. tricornutum in fusiform
shape, as they reported higher ratio of silicon to magnesium. The amount of silicon and
magnesium seemed to vary in the samples with a remarkable consistency. In those spots
where silicon was concentrated, magnesium was present in higher concentrations which
is consistent with the results found by Borowitzka and Volcani (1978), Johansen (1991),
Martin-Jézéquel and Tesson (2013), who determined that the fusiform shape of P.
tricornutum had a magnesium-heavy frustule within a polypeptide and silicon matrix
which is different from the silicon-heavy frustule of the oval form. From the appearance
of the structures observed in this study and from three dimensional images of similar
samples in the literature (Francius et al., 2008), whether the presence of other ionic
species is just due to medium precipitation or intermixing processes during shell

formation with the magnesium-silicate matrix could not be well established.

Spectra taken from the material indicate that it is composed of aluminum, iron and copper
and was compared to spectra of the darker amorphous silicate (Figure 4.14). The
concentrations of the ions in the culture medium suggest that readings of aluminum are
probably the result of the backscatter of electrons from the surface of the stub used to
place the samples where the thickness of the particle or the substance is not enough to

prevent noise from the background.

The SEM data indicated the presence of additional ionic species combined with the
silicon and magnesium matrix, and a specific alteration of the composition of the frustule
under varied growth conditions. Nonetheless, the relatively weak signal intensities for
potassium, calcium, and iron (accounting for the background iron that could be present
as well) indicate much lower concentrations of these elements in the samples. Vanadium
overlaps with oxygen and molybdenum with sulfur, making it difficult to determine counts
of these elements at comparatively low concentrations (Allan, 1995; Lefebvre & Edwards,
2009).
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Figure 4.13. Abnormal apical formations in P. tricornutum under heavy metal treatments.

Backscattered electron (BSE) image of the surface deformation or grown bodies (SGB)

produced by a typical P. tricornutum cell under silver stress conditions. These growths

were located around the apical end of the frustule. Axes correspond to kilo-electron volt

(i.e. keV) for the independent axis and counts per second per electron-volt (i.e. cps/eV)

for the dependent.
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Figure 4.14. Substrate analysis and imaging. Backscattered electron of the aluminum
stub substrate used for chemical analysis determination of surface composition of
frustules of P. tricornutum grown under chemical stress. The values for carbon, oxygen,
and nitrogen usually present on other samples are not considerable on this, and a strong
presence of aluminum and copper, with a small presence of iron on point 15, show the
general constituents of the stub. Axes correspond to kilo-electron volt (i.e. keV) for the

independent axis and counts per second per electron-volt (i.e. cps/eV) for the dependent.

The heavy oxygen presence throughout the samples is consistent with the nature of the
frustules of P. tricornutum frustules made of silicon and magnesium oxides (Borowitzka
& Volcani 1978; Francius et al., 2008). The presence of sodium can be a response of the
cell to availability of silicon as most silicon transfer proteins are co-factored by sodium.
Small concentrations of molybdenum combined with the magnesium silicon matrix seem
to be present in some of the sampled locations; however, further analysis must be carried

out to confirm this result because sulfur can trigger a response in the readings. The
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difference in textures on the surface (Figures 4.11, 4.12, 4.13) of these locations suggest

a diverse process to keep these dopants in check.

The particle in Figure 4.13 (points 10, 12 and 13) exhibits a “spiked” texture while point
11 shows a smoother rounded process with a variety of textures. The images in Figure
4.11, 412 and 4.13 show mixed shapes and general frustule deformations especially
irregular near the apical end of the frustules (Figure 4.13). While Figure 4.12 and 4.13 are
composed almost entirely of the silicon-magnesium matrix, there were other formations
that showed lower counts of silicon or magnesium. Further separation processes and
more accurate EDS analysis should be performed to better differentiate the source of
peaks in points (5 to 9) where low responses of overlapping elements can be found. The
nitrogen/vanadium phases observed need further differentiation and an alternative
method for calculation. Amorphous particles fundamentally contain magnesium-silicon
aggregates and additional elemental ions. Chemical analysis of the water matrix where
the medium was collected via centrifugation showed reduction of silver ions in the

surrounding environment.

The elemental spectra of the bright white spots (Figure 4.10 point 4) is similar in
composition to those observed frequently in the surrounding vicinity (Figure 4.9). In the
case of these silver-based (Figure 4.10) sphere-like phenomena, it seems apparent that
these formations were not a random chemical result of water chemistry, but the possible
result of internal biochemical action by the machinery of organism, because no heavy
redox species (e.g. hydroquinone, citrate), stabilization polymers (e.g.
polyvinylpyrrolidone — PVP), or any other chemicals that could be responsible for the
formation of AQNPs were present in the medium by preparation. To date, several studies
have tried to determine the actual mechanisms of biogenic silver nanoparticle production
(Naik et al., 2002; Duran et al., 2005; Duran et al., 2009; Rai et al., 2009) but the actual
mechanisms behind these phenomena are still not fully understood. It was established
that alkalinity in the environment did not increase the potential for precipitation of silver
salts as chloride, as values were not high enough to reduce solubility. Some researchers
have found that peptides of amino acid (e.g. arginine, cysteine, lysine, methionine, and

tyrosine) functional groups mediated reduction at high pH (i.e. 9~10) via NADH electronic
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transfer (Selvakannan et al., 2004; Ray et al., 2010) and some have found that diatom
silicon deposition vacuoles reduce pH to acidic levels (i.e. 5) increasing the solubility and

availability of ions inside the cytoplasms (Vrieling et al., 1999b).

From the literature, the presence of silver can produce membrane alterations increasing
porosity and disrupting the transport of ions into the cytoplasm (Castro-Bugallo et al.,
2014). lonic silver produces oxygen species (ROS) when it interacts with organisms and
in the presence of other factors, e.g. UV radiation (Miao et al., 2010). To protect
themselves from heavy metal pollution (e.g. silver, zinc, cadmium, gold, lead) diatoms
species initially produce higher amounts of polysaccharides, and phytochelatins,
intracellularly and later the surface of the cell as the concentration of the heavy metal
increases and surpasses the threshold of the algae becoming toxic intracellularly (Torres
et al., 1998; Schmitta et al., 2001; Lebeau & Robert, 2003).

Different mechanisms for defense from these cytotoxic characteristics of metal ions
have been proposed (Grill et al., 1985; Grill et al., 1989; Cobbett & Goldsborough, 2002;
Perales-Vela et al., 2006). Some algae can produce vacuole-partitioned organometallic
complexes of heavy metal binding peptides. These peptides, known as metallothioneins,
are grouped in two categories: short chain polypeptides (i.e. phytochelatins) and gene-
encoded proteins. From the information provided by the results, it is possible that
molecules from the first category (i.e. class Il metallothioneins or phytochelatins), found
in certain fungi, algae, and higher plants, (Grill et al., 1985; Gaur & Rai, 2001; Cobbett &
Goldsborough, 2002) are responsible for the defense of P. tricornutum against heavy
metal stressors. Grill et al., (1989) found that the y-glutamylcysteine dipeptidyl
transpeptidase (E.C. 2.3.2.15; Vatamaniuk et al., 2004) named phytochelatin synthase
(PCS) was the enzyme responsible for producing Mtlll. It is known that genes responsible
for the synthesis of phytochelatin synthase (i.e. transcript IDs: 9478 — Chr_1, 48175 -
Chr_16, and 50006 Chr_26) can be found in P. tricornutum as reported in the genome
portal of the Department of Energy Joint Genome Institute (JGI) database (Grigoriev et
al.,2012; Nordberg et al., 2014). Similarly, Grill et al. (1987) proved that several metal salts
(e.g. Cd*? Pb*? Zn*? Cu™) as well as some metalloids (e.g. As and Se) can enhance the

synthesis of Mtlll, while other oxidative stressors or other type of stressors (e.g. heat,
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cold, UV radiation, hormonal activity, anoxia) do not trigger Mtlll synthesis (Steffens,
1990). This suggests that heavy metal defenses in P. tricornutum can be driven by
concentrations and the presence of glutathione, which is heavy metal dependent (Loeffler
et al., 1989; Vatamaniuk et al., 2004), might prove that Mtlll are responsible for the
mechanisms, as glutathione is regulated by the synthesis of y-glutamylcysteine
synthetase and glutathione synthetase (Zhu et al., 1999; Xiang et al., 2001). Therefore,
glutathione can be considered the primary peptide responsible for binding heavy metals
(Howe & Merchant, 1992; Vatamaniuk et al., 2004) and the synthesis of Mtlll in unicellular
organisms (Grill et al., 1989). Similarly, the JGI has genes reported to be involved in the
glutathione metabolic process coding the protein identified as 35819 (Chr_8). Torres et
al. (1998) argued that the action of long-chain class Ill metallothioneins in the formation
of PC-coated crystallites was one of the defense mechanisms of P. tricornutum in the
presence of high concentrations of cadmium, which leads to believe that it is the same in

the case of silver.

The elemental spectra of the bright white spots (Figure 4.10 — point 4) and the absence
of chlorine suggested that they result mostly from the interaction of the cells with the
ionic concentration of silver. This explanation was considered as the only alternative
because the concentration of the redox agents capable to reduce the energy level of silver
to Ag® in the culture, and the possibility of precipitation of silver cations by association
with chlorine ions in the medium (i.e. AgCl) as the latter was not reflected in the counts
from the EDS analysis; hence it does not suggest otherwise. This leads to understanding
that the extracellular bodies were produced by a secretion processes of the cell, as there
are no recorded temperature or pressure shifts that might account for the reactions that
had to have occurred to isolate the ions into clusters by mere energy input from physical
factors, i.e. evaporation of silver and condensation or light ablation (Iravani et al., 2014).
These results are simultaneous with reported silver nanoparticle production by P.
tricornutum by Wishkerman (2016) as presented in poster during the 24" International

Diatom Symposium (Quebec City, 2016, Canada).

Available silver cations in water solution might precipitate in the presence of chlorine ions

or other anionic species in the surrounding medium, however, the analysis of the particles
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did not suggest or account for chlorine species and it is safe to assume that these are
not made of silver chloride. Similarly, the counts as consequence of nitrogen presence in
the sample are low to be a precipitate of silver nitrate; moreover, as silver nitrate is soluble
in water and confirm that these formations are not made of silver nitrate or any other
silver salt. The lack of additional analysis of the cell response and chemical composition
and characteristics of the particles makes it difficult to determine the responsible
mechanisms for their production. It has been suggested for similar oxidative stress that
glutathione and associated phytochelatins (PCs, glutathione-related peptides) are highly
related in concentration to the level of response of the organism (P. tricornutum) to highly

oxidative species present in the medium (Morelli et al., 2015; Wang et al., 2016).

To date, and to the understanding of this author, there are no reported works that deal
with the production of silver nanoparticles using normal cultures of P. tricornutum as
biogenic trigger for the process. Even though there was a group in Israel that reported the
use of P. tricornutum to produce silver nanoparticles (Wishkerman & Arad, 2017), other
than the fact that they mention the species, there was no evidence that suggested that
either the method or the algae species was the same. The production of nanoparticles,
even as it seems plausible from the concentrations used in the article cannot confirm the
presence of silver in the structures shown because, unlike this experiment, the use of any
elemental tracing mechanism is not suggested by the presenters. Furthermore,
communication with the lead author was not possible. Upon observation of the SEM
images (provided from the poster in an appendix at the end of this document) the species
does not seem to be the same, as none of the morphotypes of P. tricornutum shares the
same characteristics as the ones showed on the images from the poster both shape and
size are not in agreement with those reported for P. tricornutum in the previous literature
(See section 2.1.5 of this document). This research is believed to be the first of its kind
dealing with silver remediation and nanoparticle production via biogenic manufacture

using P. tricornutum.
4.3 Life cycle assessment

The absence of a clear baseline study for environmental impact assessments usually

misrepresents the actual cost of design and operation of any algal biomass production
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facility. Presumably, proper management and accounting of carbon dioxide, nutrients,
and water can reduce the cost of production by over 50% (Barlow et al., 2016); however,
this kind of approach could limit the number of possible production sites (Kern et al.,
2017). To date, traditional infrastructure required for algae production has a high land

requirement but not as high as that of traditional land crops (Clarens at al., 2010).

A detailed fluid dynamics analysis could aid and provide enough information to determine
how much energy is invested in mixing and culture homogenation, once the system is
established. The absence of this analysis limited the accuracy of this document, although
an approximation was taken, and additional uncertainty steps were calculated to account
for the differences (Sills et al., 2013). One additional restriction and limitation of an LCA
is the lack of standardized boundaries and functional units for the reviewed data found,
as well as the different assumptions coming from individual criteria and individual
analysis. These constraints come into play when comparing different LCA findings, and
therefore, it is necessary to standardize and normalize units and processes to develop a
consistent system boundary to encompass the cultivation, harvesting, and extraction of

products (e.g., nanoparticles, oil, pigments).

Once the underlying biochemical pathways used by enzymatic transformation of
elemental compounds into the structures that are of interest, is fully understood, it might
be possible to enlist the reproductive capabilities of diatoms to generate considerable
amounts (i.e. 10'%-10" cells m™) of said structures in a matter of weeks, and even days
depending on the species (Castro et al., 2013; Aziz et al,, 2015; Sinha et al,, 2015). Some
species replicate up to eight times a day, and the attraction lies in their capacity to create
complex structures on a small scale which could serve as the foundation of a powerful
technology to the industrial evolution of new materials (Schrofel et al., 2011). To derive
further, it is necessary to study the molecular mechanisms that underlie shell formation
and those associated with heavy metal management within the cell, but that is not the

scope of this research.
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4.3.1 Comparison of characterized results between both production methods

Normalized results for each impact category are compared for both processes and
presented in Table 4.2 and 4.3 as well as the visual characterization in Figures 4.15 and
4.16. Figure 4.15 and Table 4.3 shows the relative results for all the categories for the
TRACI 2.1 analysis, including in clusters the environmental, human health, and resource
related categories of the analysis. In each method, results for each category are
presented in relative normalized values from 0 to 100 being 100 the equivalent to the
maximum between both results. Figure 4.16, in junction with Table 4.3, show the endpoint
categories for the ReCiPe 1.11 method (egalitarian perspective), again grouping in
environmental, human health, and resource related categories of the analysis. The graphs
in Figures 4.17 and 4.18 along with Table 4.3, show the results of these same categories
and analysis method from a hierarchist and individualist perspective. Except for land use,
the biogenic alternative performs better in all the impact categories. Specific factors

within categories can be found in the graphics of the Appendix IV.

Table 4.2. Impact values from the TRACI 2.1 LCIA method. Analysis for a hydroquinone-
based (HQ-Industrial) and an algae-based (PT-Biogenic) production of silver

nanoparticles (AgNP).

Impact category [Units] Calculated values Percentage comparison
HQ-Industrial PT-Biogenic HQ-Industrial PT-Biogenic
Acidification [kg SO, eq.] 14.78 1.90 100.00 % 12.89 %
Ecotoxicity [CTUe] 624,311.00 3,485.92 100.00 % 0.56%
Eutrophication [kg N eq.] 149.73 3.03 100.00 % 2.03 %
Global Warming [kg CO, eq.] 821,120.00 385.81 100.00 % 0.05%
Human Health - carcinogenics [CTUh] 7.72x 10" 1.98x10%*  100.00 % 2.56 %
Human Health - non-carcinogenics [CTUh] 3.29 x 10 8.42x10%  100.00 % 0.26 %
Ozone Depletion [kg CFC-11 eq.] 6.61x 10" 3.58x10"°  100.00 % 5.42 %
Photochemical ozone formation [kg O; 222.01 18.84 100.00 % 8.48 %
eq.]
Resource depletion - fossil fuels [MJ 1,687.74 792.89 100.00 % 46.98 %
surplus]
Respiratory effects [kg PM2.5 eq.] 3.66 0.19 100.00 % 5.13 %

4.3.2 Ecosystem categories

In total, the ecosystem impact potential from the algal alternative only accounts for 0.11%

in the endpoint egalitarian and individualist perspectives of the ReCiPe LCIA and 0.12%
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in the hierarchist perspective of that from the hydroquinone manufacture (E = 1.57 x 10°
%2 H =552 x 10% | = 6.52 x 10° species yr.). The highest contribution from the

hydroquinone process comes from the production of carbon dioxide from fossil origins

(97.61%) followed by the production of chemicals and pollution from mining processes.

The biogenic alternative had a total ecosystem impact potential divided among the

production of the culture media (83.96%), the production of the LED bulbs used for

illumination purposes (13.63%), and a small percentage (2.41%) from the maintenance

and operation of the culture (Clarens et al., 2010; Brentner et al., 2011).

Table 4.3. Normalized midpoint results and ratio of difference. Values from the ReCiPe

1.11 LCIA method analysis for a hydroquinone-based (HQ-Industrial) and an algae-based

(PT-Biogenic) production of silver nanoparticles (AgNP), taking each perspective into

consideration. (E — egalitarian, H — hierarchist, | — Individualist).

Impact category [Unit] HQ-Industrial PT- Difference HQ- PT-
Biogenic Industrial Biogenic
ReCiPe Midpoint (E) 2000 [person/year]
Agricultural land occupation [m*a] 46.41 126.97 80.56 36.55 % 100.00 %
Climate Change [kg CO, eq.] 820,888.00 320.94 820,567.06 100.00 % 0.04 %
Fossil depletion [kg oil eq.] 344.57 156.53 188.04 100.00 % 4543 %
Freshwater ecotoxicity [kg 1,4-DB eq.] 678.54 5.49 673.05 100.00 % 0.81 %
Freshwater eutrophication [kg P eq.] 20.11 0.21 19.90 100.00 % 1.05%
Human toxicity [kg 1,4-DB eq.] 1778,810.00 5927.70 1772,882.30 100.00 % 0.33 %
lonizing radiation [kg U*** eq.] 4,583.85 67.59 4516.26 100.00 % 1.47 %
Marine ecotoxicity [kg 1,4-DB eq.] 854,838.00 5263.59 849,574.41 100.00 % 0.62 %
Marine eutrophication [kg N eq.] 4.16 0.75 3.41 100.00 % 18.07 %
Metal depletion [kg Fe eq.] 4,856.82 142.45 4,714.37 100.00 % 2.93 %
Natural land transformation [m?] 1.19 1.55 0.36 76.85 % 100.00 %
0Ozone depletion [kg CFC-11 eq ] 5.98x10™ 297x10° 5.68x10* 100.00 % 4.97 %
Particulate matter formation [kg PM eq.] 7.27 0.59 6.68 100.00 % 8.07 %
Photochemical oxidant formation [kg 11.31 0.92 10.39 100.00 % 8.10 %
NMVOC]
Terrestrial acidification [kg SO, eq.] 14.96 2.00 12.96 100.00 % 13.35%
Terrestrial ecotoxicity [kg 1,4-DB eq.] 72.23 0.52 71.71 100.00 % 0.72 %
Urban land occupation [m*-a] 68.42 17.66 50.77 100.00 % 25.80 %
Water depletion [m”] 40,682.80 6424.60 34,258.20 100.00 % 15.79 %
ReCiPe Midpoint (H) 2000 [person/year]
Agricultural land occupation [m*a] 46.41 126.97 80.56 36.55 % 100.00 %
Climate Change [kg CO, eq.] 820,979.00 373.06 820,605.94 100.00 % 0.05%
Fossil depletion [kg oil eq.] 344.57 156.53 188.04 100.00 % 4543 %
Freshwater ecotoxicity [kg 1,4-DB eq.] 677.28 5.44 671.84 100.00 % 0.80 %
Freshwater eutrophication [kg P eq.] 20.11 0.21 19.90 100.00 % 1.05%
Human toxicity [kg 1,4-DB eq.] 60,328.80 145.41 60,183.39 100.00 % 0.24 %
lonizing radiation [kg U*** eq.] 4,583.85 67.59 4,516.26 100.00 % 1.47 %
Marine ecotoxicity [kg 1,4-DB eq.] 643.62 5.00 638.61 100.00 % 0.78 %
Marine eutrophication [kg N eq.] 4.16 0.75 3.41 100.00 % 18.07 %
Metal depletion [kg Fe eq.] 4,856.82 142.45 4,714.37 100.00 % 2.93 %
Natural land transformation [m?] 1.19 1.55 0.36 76.85 % 100.00 %
Ozone depletion [kg CFC-11 eq ] 5.98x 10" 2.97x10° 568x10" 100.00 % 497 %
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Impact category [Unit]

Particulate matter formation [kg PM eq.]

Photochemical oxidant

NMVOC]

formation

Terrestrial acidification [kg SO, eq.]
Terrestrial ecotoxicity [kg 1,4-DB eq.]

Urban land occupation [m*-a]

Water depletion [m’]

ReCiPe Midpoint (1) 2000 [person/year]
Agricultural land occupation [m*-a]

Climate Change [kg CO, eq.]

Fossil depletion [kg oil eq.]

Freshwater ecotoxicity [kg 1,4-DB eq.]
Freshwater eutrophication [kg P eq.]
Human toxicity [kg 1,4-DB eq.]

lonizing radiation [kg U**®

eq.]

Marine ecotoxicity [kg 1,4-DB eq.]
Marine eutrophication [kg N eq.]

Metal depletion [kg Fe eq.]

Natural land transformation [m?]
Ozone depletion [kg CFC-11 eq.]

Particulate matter formation [kg PM eq.]

Photochemical oxidant

NMVOC]

formation

Terrestrial acidification [kg SO, eq.]
Terrestrial ecotoxicity [kg 1,4-DB eq.]

Urban land occupation [m*-a]

Water depletion [m’]

kg

kg

HQ-Industrial

7.27
11.31

13.51
6.47
68.42
40,682.80

46.41
821,138.00
344.57
677.24
20.11
25,673.20
4,494.28
344.90
4.16
4,856.82
1.19
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6.43
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PT-
Biogenic
0.59
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0.23
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126.97
399.01
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5.23

0.21

12.22
46.40
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0.75
142.45
1.55
2.97x10°
0.59

0.92

1.73
0.04
17.66
6,424.60

Difference

6.68
10.39

11.67
6.24
50.77
34,258.20
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672.01
19.90
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Figure 4.15. TRACI 2.1 impact categories. Graphic comparison of the relative TRACI 2.1

impact categories of the production of silver nanoparticles (AgNP) via a biogenic

alternative using P. tricornutum (orange) and a traditional redox reaction using

hydroquinone (HQ) as reduction agent (blue).
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In the other perspective analysis from the ReCiPe 1.11 method (i.e. hierarchist and
individualist), the performance of the biogenic method failed behind that of the
hydroquinone redox in aspects of transformation of natural land. In this category, the
hydroquinone method outperformed the algal based method (H = 3.15 x 10-6; | = 4.31 x
10-7 species-yr) with an impact potential of 84.38% for the hierarchist and 83.90% on the
individualist perspective of that total for the biogenic process (H = 3.15x 10 | = 2.69 x
10 species-yr). The highest percentage of natural land transformation comes from the
manufacture of chemicals (89.24%) and the production of the LED bulbs (7.30%) with a
3.40% because of the culture itself (location and water vessels) and a small percentage
for the maintenance and operation activities of the culture (Clarens et al., 2010). In the
case of the urban land occupation, the hydroquinone method accounted for a higher
potential (Eand H=1.42x 10 1=1.20 x 10 species-yr) than that of algae (E, H, 1 25.80%).
The highest percentage of urban land occupation for the algal method was associated
with the production of chemicals and the actual culture of the algae (97.92%) and the
manufacture of the LED bulbs (2.08%) used for the illumination system, while for the

hydroquinone method it was due to the mining and storage of silver (99.13%).

Ecosystems’7*09"‘:“?\“‘L " o N P -§$-Biogggic-H80.|ndus?:al ©o® @ \60
Figure 4.16. ReCiPe 1.11 egalitarian relative endpoint comparison. The figure shows the
relative values comparing the environmental impact results of the relative endpoint
egalitarian perspective analysis (E) ReCiPe 1.11 impact categories of the production of
silver nanoparticles (AgNP) via a biogenic alternative using P. tricornutum (orange) and a

traditional redox reaction using hydroquinone (HQ) as redox agent (blue).
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4.3.3 Climate change

The analysis from the application of the ReCiPe 1.11 methodology showed that the
climate change impact potential for the biogenic method is considerably less (E = 0.04%;
H and | = 0.05%) than that of the traditional redox counterpart (E = 1.54 x 10% H and | =
6.51 x 10-3 species-yr). It was expected and a fair assumption, as it is necessary to
consume close to 2 times the mass of dry biomass in CO, to produce algae. The amount
of culture required to produce 1 kg of AgNP (7,426.2 kg of algae biomass) accounts for
the high reduction in GHG from CO,. Additionally, the biomass generated was considered
as captured carbon in biogenic form, so there was no release to the environment up to
the process boundary. Additional consideration to the biomass transformation processes
can be useful to determine how the global warming potential can change once other algae

by products are considered (Stephenson et al., 2010).
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Figure 4.17. ReCiPe 1.11 hierarchist relative endpoint comparison. The figure shows the
relative values comparing the environmental impact results of the relative endpoint
hierarchist perspective analysis (H) ReCiPe 1.11 impact categories of the production of
silver nanoparticles (AgNP) via a biogenic alternative using P. tricornutum (orange) and a

traditional redox reaction using hydroquinone (HQ) as reduction agent (blue).
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Figure 4.18. ReCiPe 1.11 individualist relative endpoint comparison. The figure shows the
relative values comparing the environmental impact results of the relative endpoint
individualist perspective analysis (I) ReCiPe 1.11 impact categories of the production of
silver nanoparticles (AgNP) via a biogenic alternative using P. tricornutum (orange) and a

traditional redox reaction using hydroquinone (HQ) as reduction agent (blue).

In general terms, and taking the results of the midpoint analysis from the ReCiPe 1.11
methodology, for each kilogram of AgNP produced, algae will produce roughly 0.05% of
the global warming impact on the ecosystem compared to the industrial hydroquinone-
based method (E = 820,888; H = 820,979; | = 821,138 kg CO; eq.). In the case of the redox
process, almost 100% of the GHG equivalents were generated during the production of
nanosilver, probably associated with the emission of gases on a low population density
area (Gnansounou & Raman, 2016; Mu et al.,, 2017). Even though small, the contribution
of the production of the algae and the culture medium (50.67%) and the manufacture of
the LED bulbs used to compensate darkness periods in the system, accounted for 74.06%
of the total impact potential, and the remaining 25.94% was divided among the operative

energy costs of the maintenance and care of the culture (Brentner et al., 2011).
4.3.4 Ecotoxicity

The biogenic process performed better on the tests for freshwater and marine water
ecotoxicity; using the endpoint analysis and an egalitarian perspective, it accounted for

0.80% of the total potential from the redox process (5.82 x 107 species-yr), mostly spread
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about the manufacture of sodium nitrate and phosphate salts (58.72%) and the
manufacture of the LED bulbs (22.46%), while the remaining chemicals needed for the
culture media and other maintenance activities within the culture accounted for the
remaining 18.82%. Similarly, from the hierarchist and individualist perspectives, the
biogenic method accounted for less than 0.80% of that potential from the hydroquinone
method (H = 5.82 x 107; | = 5.83 x 107 species-yr).

Accounting for the redox production, the mining and refining of the silver used to produce
the nanoparticles accounted for 93.22% of the total contribution of the process. Here it
is important to clarify that most ionic species that can account for the potential of water
ecotoxicity are used by the algae in their regular growth processes, and thus accumulated
within the biomass. Even though almost all the impacts caused by the production of the
redox AgNP comparably lower as net input to those of the algae counterpart, the later
does compensate with the assimilation of most of them during the life-cycle of a cell, and
thus reduce the output in the long run. The massive quantity of algal biomass required to
produce the same amount of AgNP, did in fact indirectly act as a remediation alternative
(Lardon et al., 2009; Campbell et al., 2011; Mu et al., 2017). The analysis at midpoint from
the three perspectives showed similar results for freshwater ecotoxicology potentials
with 0.81%, 0.80%, and 0.77% of the hydroquinone method for the egalitarian (678.54 kg
1,4 DB eq.), hierarchist (677.28 kg 1,4 DB eq.), and individualist (677.24 kg 1,4 DB eq.)

perspectives, respectively.

The case of marine water ecotoxicity fared slightly better, as the algae-based process
only accounted for 0.62% of the potential impacts from the redox hydroquinone-based
manufacture (E=1.51x10%kg 1,4DBeq.;H=1.13x 107 kg 1,4 DB eq.; | = 6.08 x 10°® kg
1,4 DB eq.). Similarly, the concentration of ionic species used by the algae reduced the
overall potential and as in the case of the freshwater ecotoxicity analysis, the production
of the mined silver accounts for a high percentage of the total potential for impacts
(87.70%). The remaining 12.30% was accounted for by the actual AgNP production and

the use of reagents and energy, as well as the concentration stages.

The alternative biogenic production performed better on the terrestrial ecotoxicity (E =
0.72%; H = 3.54%; | = 0.60%, of the potential from the hydroquinone process E =1.09 x 10°
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>H=9.75x10";1=9.69 x 107 species-yr). More dispersed contributions come from the
production of nitrates and other culture media ingredients (83.99%) and the remaining
divided among other maintenance activities (1.86%) and the production of the LED bulbs
used for dark-cycle illumination (14.15%). The core potential for terrestrial ecotoxicity
comes from mercury produced as a by-product of the mining process (63.65%), and silver
dispersed in air accounting for 17.20%. The remaining 80.85% comes from other ionic
species associated with mining activities. The percentage values for algae from the
midpoint analysis for each perspective were the same and the hydroquinone
contributions were 72.23; 6.47; and 6.43 kg 1,4 DB eq. for the egalitarian, hierarchist, and

individualist perspectives respectively.
4.3.5 Freshwater eutrophication

Only 1.05% of the total freshwater eutrophication potential (endpoint egalitarian analysis)
of the hydroquinone production method (E, H, and | = 8.96 x 107 species-yr = 20.11 kg P
eq.) was accounted for the biogenic alternative. Again, the bulk of the production of
species with eutrophication potential came from the mining of the silver in the case of
the hydroquinone redox method (94.10%) with the highest percentage contribution

coming from phosphates in water and ground water.

In contrast, the biogenic alternative had the highest contribution to its eutrophication
potential coming from the production of the LED bulbs (33.02%) and third of the total
percentage was due to maintenance and operations, with the maximum contribution
from the ultra-purification of water for the initial separation of the inoculum (30.29%). The
remaining percentage (36.20%) was produced by the processes involved in the

manufacture of the chemicals used for the culture media.
4.3.6 Acidification potential

Similarly, the acidification potential generated by the biogenic alternative would only
generate 13.35%, 13.60%, and 13.58% from the egalitarian, hierarchist, and individualist
perspectives, respectively, versus total acidification potential produced by the chemical
redox method (E = 2.13 x 107; H = 7.84 x 10 | = 1.94 x 10°® species-yr or 14.96, 13.51,

and 12.78 kg SO, eq. for the midpoint analysis respectively). It is necessary to determine
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the actual value when the biomass is transformed to other high-end products. The
concentration of SO, and NO, emissions are mitigated by the consumption of these
species by the biomass of the algae, and thus it is bio-accumulated in the resulting paste
(Falkowski & Raven, 2007).

The core of the emissions come from the mining of silver at the regional state which
accounts for 57.49% of the total contribution and the process of production of the nano
powder (26.96%) most probably associated with the silver nitrate used as precursor of
the reaction. The remaining percentage is introduced by the manufacture and storage of
silver (15%). For this analysis, cut off was defined at 2%. The acidification species
released by the redox process was determined equivalent to 52.92% of sulfur dioxide,

42.18% of nitrogen oxides, and 4.78% of ammonia.
4.3.7 Resource depletion categories

The total resource depletion potential for the biogenic AgNP alternative production
accounted for only 8.93% from the egalitarian and hierarchist and 5.01% from the
individualist perspectives of the total potential of the hydroquinone process ($404.28 and
$365.08, respectively). The greatest differences were seen in metal depletion, which
showed a 2.93% of the biogenic process compared to the hydroquinone process
($347.26) from all three perspectives. The differences between the fossil fuel were less
considerable and the algal process accounted for 45.43% of the total from the
hydroquinone process ($57.01 from the egalitarian and hierarchist, and $17.82 for the
individualist perspectives). From the midpoint analysis, the potential from the
hydroquinone accounted for 344.57 kg oil eq. for the fossil depletion and 4,856.82 kg Fe
eq. for the metal depletion, while the algal alternative had a potential of 45.43% and of

2.93 of the first and the second potential impacts, respectively.
4.3.8 Human health categories

The ReCiPe 1.11 method for impact potential determination considers the potential for
climate change in both the ecosystem and the human health group of categories. In the
later, the index is based on the DALY unit, as defined before in this document (DALY =

YLD+YLL). In this category, the algal alternative production method outperformed the
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hydroquinone as the former only produces 0.04% from the egalitarian and 0.05% from the
hierarchist and individualist perspectives, of the overall potential for human health
climate change from the later (E =2.88;H =1.15; 1 = 0.977 DALY). The highest contribution
to this potential impact came from the carbon dioxide production from the manufacture
of the AgNP, whereas the algal counterpart owes its contributions to the manufacture of
chemicals (75.95%) and the assembly of the LED bulbs used for the illumination (23.39%).

In the case of human toxicity (HTP), analysis of impact performed with the ReCiPe 1.11
modelling system showed a considerable percentage difference between the algal-based
alternative manufacturing process and the hydroquinone-based methodology, with the
former producing only 0.33%, 0.24, and 0.05 from the egalitarian, hierarchist, and
individualist perspectives respectively, of the total impact produced by the later (E = 1.25;
H=4.22x10%1=1.80x 102 DALY or 1,778,810.00; 60,328.80; and 25,673.20 kg 1,4 DB
eq., respectively). The major contributors from the algal manufacturing process coming

from the LED production (37.33%) process and the chemical manufacture (61.24%).

Similarly, the percentage of ionizing radiation (IRP) from the algal manufacture only
accounts for 1.47% for the egalitarian and hierarchist perspective, and 1.03% for the
individualist, of the potential from the hydroquinone manufacture (E, H = 7.50 x 10 | =
7.25 x 10° DALY or 4,583.85; and 4,494.28 kg U*® eq. respectively). Again, the main
parameter influencing the impacts on the category for the former came from the
production of the LED bulbs used in the illumination system (69.19%) and the chemical
manufacture (29.44%). The hydroquinone production process itself accounted for

95.41% of the total ionizing potential in the alternative method.

The ozone depletion potential (ODP) percentage, measured to determine relative
destruction of a compound on the ozone layer, accounted by the algal process was only
4.98% (E and H), and 4.92 (I), compared to that of the hydroquinone counterpart (E and H
=1.59 x 10® and | = 3.87 x 10”7 DALY) and 4.97% of the potential of the hydroquinone
method (5.98 x 10* kg CFC-11 eq.). The results were the same for the three perspectives
in the midpoint analysis. In this case, the highest weight of impact for the algae
production came from the manufacture of chemicals (80.90%) and then the LED

manufacture (16.91%).
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Similarly, the particulate matter formation potential (PMFP) from the biogenic AgNP was
only 8.07% of that of the HQ-AgNP (1.89 x 10 DALY). The first process owed the core of
its potential impact on the manufacturing of chemicals (79.45%) and the production of
LED bulbs (19.46%). For the hydroquinone counterpart, the heaviest weight of impact
potential was associated with the mining of silver process (46.84%) and the production
of the AgNP (43.55%).

In the case of photochemical oxidant formation potential (POFP), the two systems
performed differently and the biogenic produced only 8.10% of that of the equivalent in
the hydroquinone process (4.41 x 107 DALY or 11.31 kg NMVOC) from all three
perspectives (i.e. E, H, | perspectives for ReciPe 1.11) and both mid and endpoint
analysis., accounted by the chemical production (77.37%) and the LED manufacturing
(21.70%) with other accounting for the small remaining (097%) in the biogenic production.
For the hydroquinone method, the silver mining, storage, and hydroquinone production
accounted for 84.19% of the total photochemical ozone formation, and the actual redox
production 15.63% with a small 0.18 % coming from other components within the

process.
4.3.9 Process contribution analysis

For convenience, only results from the TRACI 2.1 methodology were used for the analysis
of process contributions. In the case of the hydroquinone production the main
contributors to the potential impacts were the mining process and storage, the
manufacturing of hydroquinone, the heat production for the process and the nanoparticle
manufacturing process itself. In the biogenic counterpart, the core processes, within the
boundaries, responsible for the highest percentage of impact potential were the
manufacturing of chemicals for the medium (e.g. sodium nitrate, sodium phosphate,
sodium dichromate, and sodium silicate), the mining and storage of silver, the production
or manufacture of the LED bulbs used for the illumination in times of darkness, the

production of ultrapure water, and the culture process itself.
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CHAPTER V
CONCLUSIONS

The primary objective of this research was to assess the potential use of P. tricornutum
in the remediation of heavy metal pollution. The results show a considerable reduction in
ionic concentration in the samples at different levels. It also was possible to assess that
the organism is, in fact, an appropriate alternative for the remediation of heavy metal
species in a water sample, and mainly silver (Ag) and vanadium (V) in maximum

concentrations of 1.9 x 10* g Ag-L" and 3.0 x 10 g V-L™, respectively.

Additionally, the presence of silver nanoparticles, even though there were no chemicals
in the medium that would spontaneously induce a protonation process, suggests that the
organism was, in fact, the vector responsible for the synthesis of the nanoparticles. The
analysis also yielded sufficient evidence to accept the premise that P. tricornutum is a
potential candidate for further research in nanotechnological applications and

biomimetic synthesis of nanoparticles of different elements.

Furthermore, it was determined that the optimum mixture concentration of silver and
molybdenum for both the reduction of ionic species and the synthesis of nanoparticles
was 1.47 x 10”* g Ag-L" and 1.35 x 10* g Mo-L™". Similarly, the best combination of
vanadium and molybdenum was 2.35x 10* g V-L" with 1.35x 10 g Mo-L™.

The synthesis of silver nanoparticles via regulated culture of P. tricornutum was possible
and enhanced when the addition of the treatment allowed for a small acclimation period
for the algae (i.e. sequential every 1 hour for 5 hours). Subsequent additions of ions were
also taken by the organism and the optimal concentrations of silver and molybdenum
were established at 1.47 and 1.35 mg ion-L™, respectively, with light and temperature kept
constant around 75 pmol m™:s”, and 18 °C, with constant mixing via bubbling as the most

adequate protocol for the synthesis of these particles.

The results of the ICP analysis and the positive relation found through the statistical
analysis suggest that to an extent, P. tricornutum cells were responsible for the reduction
in silver and vanadium levels in the surrounding medium. It is safe to assume that P.

tricornutum is a viable species to treat relatively high concentrations of silver and
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vanadium pollution in water. To further determine the interaction between these two ions
and the cell biology, it is recommended to perform additional trials using surface

exploratory methods and molecular assays to determine how the proteome is affected.

P. tricornutum frustules were characterized after culture conditions were altered to
introduce a heavy metal stressor (i.e. silver). The carefully monitored culture conditions
make it possible to conclude that the formation of any compound on the surface or outer
vicinity of the cells was a consequence of the biochemistry of the cells and not accidental
contamination from external sources. It was possible to see silver-based nanoparticles
around surrounding some cell and cell structures. The characteristics of the particles and
the nature of the culture medium for the algae suggest that it is probable that these
particles were the result of the algae’s heavy-metal response and thus manufactured by
the diatom. The nitrogen concentrations never fell below levels that would trigger intake
of nitrate ions from the silver and protonation on the silver by chemical interactions.
These preliminary findings open a door for further analysis of the interaction between P.

tricornutum cells and heavy metal loaded environments.

The low concentration of iron, copper, and aluminum in the culture medium rendered
these values as consequence of background noise coming from the stub. It is noteworthy
that if these ions are to be analyzed, a different type of substrate should be used.
Additionally, the only trace elements identified were vanadium and molybdenum; and they
were observed in only a few of the samples, typically overlapping with sulfur and oxygen
peaks making it difficult to differentiate or conclude that they were at all present in the
samples. The high concentration of oxygen made it difficult to analyze molybdenum
evolution in the samples. Thus, it is not advisable to use SEM-EDS techniques to identify
or trace the metal in organic samples unless oxygen can be removed from the sample.
The closeness of the energy required for emission from the elemental sulfur and

vanadium made it impossible to draw any conclusion or analysis based on these counts.

The composition of most locations around the frustule formations suggests the
interchangeable nature of the magnesium and silicon ions in the formation of the
hardened structure of the outer mineralized wall (i.e. frustule) of P. tricornutum. The

association of sodium in concentrations that were higher than the ones that most
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probably would be related to the presence of sodium-mediated enzymes acting on the
cell wall (i.e. frustule) formation process, suggests an active deposition, and further
analysis is recommended. If this is confirmed, the potential for the use of P. tricornutum
as a green synthetic biorefinery of silicate clays (sodium-magnesium-silicate) for bulking
purposes might surpass in attractiveness the currently accepted processes in the

cosmetic industry.

From the comparative life cycle analysis carried out in this study, it is possible to establish
that the overall performance of the biogenic algae-based method (P. tricornutum) has
considerably lower impacts when compared to the industrially available hydroquinone
redox method. The only category where the hydroquinone method performs better from
an environmental perspective is the land use (agricultural and natural transformation).
After further understanding on how the diatom species transforms available silver into
nanoparticles, and the biochemical pathways underlying the process, the challenges
would lie in learning how to take advantage of the silicon pathways of diatoms to

manufacture biomedical, telecommunications, energy storage, and sensing devices.
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CHAPTER VI
CONTRIBUTIONS TO KNOWLEDGE, FUTURE RESEARCH
RECOMMENDATIONS, AND SCALE-UP POTENTIAL

6.1 Contributions to knowledge
Upon analysis and review of this document, it was clear that this research helped
determine that P. tricornutum has an incredible potential to both mitigate heavy metal

contamination in water bodies, and in manufacturing silver nanoparticles.

The sequence in which the development of the thesis was done, and the use of mixtures
in the experimental design, allowed for a faster determination of the potential of algal
species in the treatment of metallic contamination in water bodies, reducing both the use
of time and resources for that purpose and providing a faster method to test similar

combinations in the future.

This work is also the first to use P. tricornutum with specific silver and molybdenum
combination to optimize the response in the manufacture of nanoparticles biogenically,
and with a specific protocol for the addition of the ionic species in the regulation of the
size and concentration of the particles in the final product. This work differs from the
mentioned development in Israel in that the strain of the species used here is a certified
strain of P. tricornutum obtained from the Canadian Phycological Culture Centre for
Algae, cyanobacteria, and Lemna at the University of Waterloo (Waterloo, ON, Canada)
while the report presented by the group in Israel fails to clarify which organism is the one
used for the study, visual exploration of the SEM images provided, does not aid in the
identification of the species. Nonetheless, the main differences lay on the confirmation
via EDs analysis of the constitution of the particles discovered; the concentrations found
to be optimal in our analysis, which are 50 % higher due to the presence and optimization
character of molybdenum in the process; and the method presented here for the addition
of the ionic silver and the overall synthesis of silver nanoparticles, which was more

specific, different in temperature, medium conditions, and instrumental analysis.

To the knowledge of the author, to date this is the first approach in comparing biogenic
and traditional redox-based silver nanoparticles processes in their environmental

impacts. Even though, the analysis of some of the data came from bibliographic
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considerations, it was also a first and interesting approach to open a door for further
analysis and more specifically, to start considering the use of microorganisms in a larger
scale for the development of biogenic approaches in industrial manufacturing of metallic

nanoparticles.
6.2 Future research recommendations

For those wanting to choose biomineralization as a research topic, the areas of research
derived from the varied assortment of organisms, structures and processes,
components, and intermediate substances open a full spectrum of possibilities.
Nonetheless, the most promising pathways are associated with the potential to mimic
the already available processes of nature for human applications. Industrial development
has taken notice of the incredible potential of applying biomineralization strategies as a
reference for manufacturing processes and recent trends in manufacturing technologies
focus on the fact that industrial production is mostly a top-down process that could be

replaced by working on a bottom-up approach.

From all the classes and groups of organisms capable of biomineralization of
substances, diatoms are of interest. They can develop highly intricate and replicable
structures, with a degree of efficiency and safety (low temperature and pressure) that is
particularly desirable for industrial manufacturing processes. This remarkable
evolutionary trait can be a stepping-stone for further and more advanced biotechnological
applications. Doping diatoms can yield a unique array of materials with applications in
photovoltaics, photocatalysis, LED manufacture, and almost any field that uses
semiconducting materials. Additionally, it is possible to use doping techniques to
enhance drug delivery properties of diatom shells for a more target-specific, low-release
delivery mechanism. Even from a molding perspective, diatoms offer an impressive array
of shapes and sizes that can work as scaffolding surfaces for novel nanoscopic

patterned structures.

It is theorized, that glutathione production can be an appropriate measure of the response
of the organism, as this nanoparticle production might be the result of a physiological

response to oxidative stress. Reported literature confirms that these levels might provide
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a better understanding of the stress response by P. tricornutum cells. Additionally, as it
was found in literature, class Il and class Ill metallothioneins (Mtll and Mtlll) are
frequently synthesized in response to metal exposure and their presence is a specific
signal of metal ion uptake and thus, an additional determination of concentration of these
proteins throughout the phases of the culture and exposure to the metal stressor, can
address for the actual bioavailability of ionic silver. It is recommended to perform a
proteomic and transcriptomic analysis with algae collected after the second day of
exposure to the silver stress, and compare those to the responses of control cells grown
under optimal conditions. If the proteins involved in the production of nanoparticles are
readily available and easy to use, these algae can be an interesting alternative for
physicochemical processes of synthesis of metal nanoparticles. For this purpose, several
proteins and encoding sequences can be researched from the JGI database. It is
recommended to do some acclimation assays where the proteomic and genomic
responses of algae with and without a silver exposure period would increase or not the

production of the molecules produced during the stress period of the culture.

Even though the future of diatom biotechnology is promising, further research is required
to elucidate the vast array of molecules and interactions between inorganic and organic

molecules that take place during frustule formation in diatoms.
6.3 Scale-up potential

Further analysis and research would help hone down to a more specific process, the
amount of silver and the actual time intervals for the addition of the ionic treatments to

optimize both shape and size of the particles.

Further fluid dynamics and light distribution simulations would help determine the best
scaling up settings for a more efficient production vessel, which in turn will reduce the
contributions to land impact and increase the potential of the process to be scaled up

and optimized for industrial purposes.
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APPENDICES

APPENDIX |
NANOTHECHNOLOGY TERMINOLOGY

The American Society for Testing and Materials developed a set of standards for the

nanotechnology industry (ASTM E 2456-06). In 2010, the International Organization for

Standardization (ISO) developed a list of terminologies related to nanotechnologies as
notated in the ISO/TS 80004-1:2010. The table below shows a list of relevant terms and
definitions taken from the Technical Standard prepared by the ISO (ISO/TS 80004-1:2010).

Term

Definition

Nanoscale

Size range from approximately 1 nm to 100 nm. The introduction of the
lower limit is used to avoid single and small atoms or molecules from being
presented as nano-objects, in the event of absence of a lower limit.

Nanoscience

Study, discovery, and understanding of matter in the nanoscale. Size- and
structure-dependent properties and phenomena are distinct from those
associated with individual atoms or molecules and bulk materials.

Nanotechnology

Application of scientific knowledge to manipulate and control matter,
including material synthesis, in the nanoscale to make use of size- and
structure-dependent properties and phenomena, as different from those of
individual atoms or molecules and bulk materials.

Nanomaterial

Material with external dimension in the nanoscale or having internal
structure or surface structure in the nanoscale. Inclusive of nano-objects
and nanostructured materials.

Nano-object

Material with one, two or three external dimensions in the nanoscale.
Generic term for discrete objects on the nanoscale.

Nanostructure Composition of inter-related constituent parts, one or more of which are in
the nanoscale. Regions are defined as boundary-represented breaks in
continuity of properties.

Nanostructured Material with internal or surface nanostructure. Not exclusive. If the external

material dimensions are on the nanoscale is better to refer to the material as nano-
object.

Engineered Nanomaterial designed for a specific purpose or function.

nanomaterial

Manufactured Nanomaterial intentionally produced for commercial purposes with a

nanomaterial specific set of properties and or composition.

Incidental Nanomaterial generated as an unintentional by product of a process, which

nanomaterial

include manufacturing, bio-technological or other processes.

Nanomanufacturing

Intentional synthesis, generation or control of nanomaterials, or fabrication
steps in the nanoscale, for commercial purposes.

Nanomanufacturing
process

Ensemble of activities to intentionally synthesize, generate or control
nanomaterials, or fabrication steps in the nanoscale, for commercial
purposes.

Nanoscale Effect attributable to nano-objects or nanoscale regions.
phenomenon

Nanoscale Characteristics of nano-objects or nanoscale regions.
properties
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APPENDIX Il
LIST OF CHEMICALS AND SDS SHEETS

. CAS PubChem EC .
Chemical Number? IS[;JBbstance Number? SDS File
Acetone 67-64-1 24850797 200-662-2 67-64-1.pdf
Acetonitrile 75-05-8 24856425 200-835-2 75-05-8.pdf
Benzyl alcohol 100-51-6 24858412 202-859-9 100-51-6.pdf
Carbon monoxide 630-08-0 24857760 211-128-3 630-08-0.pdf
Cyclohexane 110-82-7 24853606 203-806-2 110-82-7.pdf
Dichloromethane 75-09-2 24856423 200-838-9 75-09-2.pdf
Diethyl ether 60-29-7 N/A N/A 60-29-7.pdf
Dimethyl ether 115-10-6 24857771 204-065-8 115-10-6.pdf
Ethyl acetate 141-78-6 24849485 205-500-4 141-78-6.pdf
Ethylene glycol 107-21-1 24859450 203-473-3 107-21-1.pdf
Glycerol 56-81-5 24895360 200-289-5 56-81-5.pdf
Hexadecyltrimethylammonium bromide 57-09-0 24895846 200-311-3 57-09-0.pdf
Hydrazine 302-01-2 24852873 206-114-9 302-01-2.pdf
Hydrogen peroxide 7722-84-1 24895421 N/A 7722-84-1.pdf
Hydroquinone 123-31-9 24278475 204-617-8 123-31-9.pdf
Hydroxylamine hydrochloride 5470-11-1 N/A 226-798-2 5470-11-1.pdf
N, N-Dimethylformamide 68-12-2 24893883 200-679-5 68-12-2.pdf
Phosporus 7723-14-0 24861136 231-768-7 7723-14-0.pdf
Polyvinylpyrrolidone 9003-39-8 24899318 N/A 9003-39-8.pdf
Silicon 7440-21-3 24871099 231-130-8 7440-21-3.pdf
Silver nanospheres N/A N/A N/A 7440-22-4-20nm.pdf

7440-22-4-30nm.pdf
7440-22-4-40nm.pdf
7440-22-4-50nm.pdf
7440-22-4-
100nm.pdf
7440-22-4-
200nm.pdf
Silver nitrate 7761-88-8 24852543 231-853-9 7761-88-8.pdf
Sodium borohydride 16940-66-2 24868683 241-004-4 16940-66-2.pdf
Sodium chloride 7647-14-5 24899861 231-598-3 7647-14-5.pdf
Sodium Citrate 6132-04-3 N/A 200-675-3 6132-04-3.pdf
Sodium dodecylbenzenesulfonate 25155-30-0 24857418 246-680-4 25155-30-0.pdf
Sodium hydroxide 1310-73-2 24853242 215-185-5 1310-73-2.pdf
Tetrabutylammonium acetate 10534-59-5 24860355 234-101-8 10534-59-5.pdf
Tetrabutylammonium bromide 1643-19-2 24866693 216-699-2 1643-19-2.pdf
Tetraoctylammonium bromide 14866-33-2 24857704 238-936-9 14866-33-2.pdf
Trypan Blue 72-57-1 57654704 200-786-7 72-57-1.pdf

1. All compounds have a link to a web source. Some were not used but mentioned in this

document

2. Source: Sigma Aldrich. Formula and molecular structure can be seen on the file or the website

for each compound.

Source: PubChem Open Chemistry Database

4. Files attached electronically as annex or linked via archive.
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APPENDIX Il
METHODOLOGIES, TECHNIQUES, AND EQUIPMENT

l1l.1 Axenic algal culture
Algae can be produced in a controlled environment and in completely axenic cultures,
when bacterial symbiotic by products, such as vitamins, are added to the culture medium
(Wettstein, 1921; Hunter et al., 1950; Andersen, 2005). Additionally, the availability of
chemically purified salts has made possible to culture algae in completely axenic
environments, reducing the confounding activity of other organisms in the analysis of

biochemical processes involving algae (Provasoli, 1958; Pinter, 1960).

111.11 Batch culture
The first advances in the mass cultivation of microalgae came when Allen and Nelson
(1910) developed the first new method for production with other purposes in mind. Later,
Warburg (1919) managed to grow dense cultures of Chlorella sp. in laboratory conditions,
and Ketchum and Redfield (1938) managed to produce a continuous culture of diatoms
by periodical harvesting of a fixed portion of the original culture allowing the remaining
cells to continue reproducing and guaranteeing a steady supply of cells for analysis. In
general terms, a batch culture of microalgae has a limited supply of nutrients that after
depleted will produce a reduction in the growth values of the culture. The goal is to
monitor conditions and evaluate intakes of elements by the algae without masking these
depletions by constant addition of nutrients or treatments. The main difference with
continuous culture stands in the way the nutrients and harvest are performed as

continuous cultures introduce nutrients at the same rate of harvest (Andersen, 2005).

1.1l Use of a hemocytometer

Created in 1881 by Thoma, manufactured by Carl Zeiss and Company, and later improved
by Hawksley, the Thoma-Zeiss hemocytometer was designated by Campbell Todd in
1912 as the most widely and satisfactory used instrument for counting cells (Verso, 1971;
Davis, 1995). It evolved to the design by Biiker between 1905 and 1913 (Davis, 1995). A
simple but elegant design that holds a known volume in a grid carved on a glass slide
allowing for the knowledge of areas and sizes of the cells under a light microscope
(Figure 2.)
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(©)
Figure 1. Hemocytometer. Commonly used hemocytometer: (A) Use of the load chamber.

Image taken by Todd - originally posted to Flickr as 0356, CC BY-SA 2.0, available online:
https://commons.wikimedia.org/w/index.php?curid=5193859.  (B)  Semi-reflective

rectangles of the counting chambers. Image taken by Todd - originally posted to Flickr as
0356, CC BY-SA 2.0, availabe online (retrieved from file on 2017/07/26):
https://commons.wikimedia.org/w/index.php?curid=5193859. (C) Grid. Squares in Red
(100 nL), green (6.25 nL), white (i.e. inside the gridded cross equivalent to 1/20 of the of

the red square ~ 5 nL), yellow (4 nL), and blue (0.25 nL) represent a known volume of

liquid. Image taken by Zephyris at the English language Wikipedia, CC BY-SA 3.0, available

online; https://commons.wikimedia.org/w/index.php?curid=10553213

The mechanism for counting cells in the cytometer is quite straight forward. A slightly
protruded side of the counting chambers, covered by a glass slide, creates a space of
exactly 0.1 mm of depth that can be calculated via a known surface of the gridded
chamber (see Figure 2.10.C). The count is made in randomly selected squares across the
region of the counting chamber, either in a defined pattern or by assigning coordinates to
each square, as defined before the introduction of the culture medium with cells in the

chamber (Figure 2.10.A). The total counted area of the sample, determined by the
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addition of all the individual completely counted squares inside the chamber by using the

following equation:

. _ cell % .
Cells Concentration [cell -mL™1] = ( : O Scount ) X (—d) Equation
(Proportioncoynteqd)x(Volume Squarescoynted) vy

VI

In Equation 2.1. Cellsqount is the total number of cell counted during the sample optical
measurement, Proportioncsamser Multiplied by the volume of each square counted (Volume
squares counteq) Yields the total counted volume and by dividing the total number of cells
per unit of volume, we obtain a concentration in cell - mL”. V, represents the volume of
the diluted sample, and V; is the volume of the original culture in the sample. The ratio of
this two values represents the dilution factor, and is needed to restore the concentration
to the original concentration in the culture medium, based on the formula of equality of

equivalent dilutions (Equation 2.2.):
C,V, = C,V, Equation VI.2.

Where, C; is the total concentration of cells in the original sample (i.e. Cell concentration), V1
corresponds to the volume of cells in the original sample (i.e. V;), C2 is the concentration
of cells in the sample or diluted subset (i.e. Cellscoun: - Proportioncountes ' - Volume
Squarescounted '), and Vs is the Volume of the diluted sample (i.e. V). Solving for C;, we

obtain equation 2.1.

Among the considerations when working with a hemocytometer, the multiplicative nature
of the calculations increases the probability of standard error due to manipulation,
measurement, operator differences, and other factors that might interfere with the result.
And the error is accumulative, as dilutions and factors, proportions of a total will increase
the number of cells that would be missed during counting. It is known that some errors
in hemocytometer counts can reach values of uncertainty of close to 43% (confidence of
95%) and 36% (confidence 90%) (Willén, 1976). Looking to reduce the magnitude of the
error term in the count of cells a scientific could engage in good practices. First, taking
care not to overload the chamber by using exactly the volume of medium that can be
stored in the chamber, for that a micropipette can be a good alternative, if it is well

calibrated. Additionally, a small increase of temperature of the cover-glass can add a
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multicolor effect that would show where the solution is poorly distributed. And as
mentioned before, using only volumetric measuring equipment with a small error or good
calibration (Willén, 1976; Celeromics, 2017). Another source of error comes from the
approximations to the population size (i.e. statistical) and it can be prevented by
randomization of the areas to be counted, regardless the number of cells in the areas,
and the application of probability theory (i.e. increasing the sample size and repeating
sampling for different counts) and analysis methods however, the error associated with
this processes accounts for 20 to 30% of the total error term in a reported datum and can
grow as high as 43% if the number of samples is small (Willén, 1976). In some cases,
laboratory technicians would count a determined number of cells and associate that
number to a volume and not the other way around, even if it means preparing numerous

counting chambers when concentrations are low (Canosa, 1999).

1.1V Cytometry
When a particle suspended in an electrolyte crosses a microchannel generated by two
electric poles, the resistance generated by each particle will alter the response of a sensor
attached to the channel. Size and shape would affect the time and magnitude of the
resistance reading, thus allowing the sensor to discern among different particles types
and sizes. Similarly, when a highly coherent light is beamed to a receptor, and suspended
particles interfere with the path of the light, the time of delay, and the frequency the delay
is recorded can be sufficient to determine a set of particles and sizes. In recent years,
new automatic, laser- or impedance- based mechanisms have been developed to assist
cell biologist with the counting, sorting, and assessing of cells in culture systems. The
basic operational principle of these systems consists on suspending the cells
disaggregated in a fluid and pass them through a sieving mechanism, or an electronic
detection apparatus. It provides the possibility to perform multiparametric analysis of the
basic physical characteristics of the culture, such as size, size distribution, in some cases
shapes, and even some chemical characteristics via the use of tracers with speeds that
surpass the thousands of particles per second. Some devices even take advantages of
fluid dynamics to separate or sort the cells of interest given a set of parameters (e.g. size,

shape, density, or presence of tracers) separating them from the flow through the sensing
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apparatus, be it laser- or impedance- based. Modern flow cytometers can identify and

sort thousands of particles per second.

An extremely oversimplified of a flow cytometry system can be presented in a sequence
of steps as follow: A liquid stream (i.e. flow cell) carries and aligns cells so they can pass
in a single arrangement through the sensing beam or field which is attached to a
measuring system emitter which produces the signal that is going to be detected and
measured for changes of the unit and property (e.g. conductivity, impedance, photonic
intensity, light incidence) either impedance or optical systems (e.g. mercury, xenon lamps,
lasers, diode lasers). The change in the signal can be detected an analog-to-digital
Conversion (ADC) system which translates or converts the signal from the physical
system into a digital binary signal. The weak nature of the signal requires the use of an
amplification system that increases the strength and quality of the signal to further
transmit it to a computer where the different analyses of the signals are compiled into

usable formats.

Automatic counting and sorting systems aid in the analysis of culture cells and reduce
considerably the error produced by human manipulation of samples by providing a faster

performance with reduced bias due to human error.

111.V Spectrophotometry
Further developments of digital technologies, particularly of photometers, to measure
small variations of different wavelengths not easily discernible by the human eye (i.e. near
ultraviolet and infrared), combined with monochromatic isolation techniques, allowed the
use of reflection and transmission technologies to determine properties of materials by
measuring light intensities in function of wavelengths resulting from the interaction
between the material and an incident light source (Simoni et al., 2003; Allen et al., 2010;
Trumbo, 2013). These properties can be the result of direct interactions or light with the
material, or measurements light interaction with tracing agents that enhance the contrast

of the incident wavelengths (i.e. indicators).

In general terms, and in an oversimplified manner, the principle of function of a

spectrophotometer is described as follows: A light source produces a beam of a specific
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light with known parameters (i.e. intensity, wavelength) that is passed then through a
monochromator or filter with a diffraction grating system that eliminates wavelengths
that are not of interest and structurally separates further the signal of the wavelengths of
interest (Figure 2.11). The monochromatic light is then focused by an adjustable aperture
which concentrates the beam before it can circulate through the sample. The sample is
then exposed to the source in a cuvette placed between the light source and the
measuring mechanism or sensor (i.e. photoresistor, photodiode or photomultipliers) that
measures the characteristics of the light signal and transduces into a digital signal which
in turn gets amplified to improve the quality of the digital source to finally transfer this
enhanced signal to a display or user interface (Ul) that allows for visualization in usable
format.

Adjustable aperture photoresistor Output

Lights\ource *:i::’I;/ I CD/—I> A DllE'ED

// ) k\SampIe

Amplifier
Monochromator Cuvette

Figure 2. Single beam spectrophotometer.

General schematic representation of the structure of single beam spectrophotometers.

Image available online: https://commons.wikimedia.org/wiki/File:Spetrophotometer-

en.svg#/media/File:Spetrophotometer-en.svg

The method for count and measurement of light varies from equipment to equipment, but
the operating principles remain the same, and the only variation is the unit of
measurement (e.g. photons ‘m? photons'm?sr', W-m? W-:m?sr"). Given that the
sensor that measures the incidence of photons count individual photons, these
instruments cannot function properly with high irradiances (Thomas & Burgess, 2007;
Saakov et al., 2015).

11.VI Optical microscopy
The use of lenses to increase the capacity of humans to see objects and characteristics
beyond eye resolution (6 to 29 pm) dates to the 13" century (INO-CNR, 2017) and the first
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compound devices started to show in records circa the early 17" century (Rosenthal,
1996; Van Helden et al., 2010; Seeger, 2016; MOI, 2017). The term microscope, from the
Greek pikpov, mikrén, was coined by Giovanni Faber when he named the “occiolino” (i.e.
“little eye”), a compound microscope that Galileo Galilei submitted to the Accademia dei
Lincei in 1624 (Gould, 2000), and became popular when Antoine van Leeuwenhoek made
the device a tool for biologist (van Leeuwenhoek & Hoole, 1800). Nevertheless, optics and
technology were not sufficient for the advancement of the field until in the late 1800s a
more homogeneous method for sample illumination developed by August Kohler (1893),
became available. Later developments of phase contrast by Zernike (Tolansky, 1967) and
differential interference contrast (DIC) by Normanski (Lang, 1968) allowed the
visualization of transparent objects such as animal cells and cellular structures (Murphy,
2001).

11.VII SEM-EDS

Hi.vii.i Scanning electron microscopy (SEM)
Whereas an optical microscope produces an augmented image of an object using a beam
of light, its limitations come from the size and coherence of the beam. Even when using
a highly focused and coherent beam (i.e. laser) these beams are limited by the
wavelength of the beam. A higher augmentation can be achieved when the beam has a
smaller distance between particles thus differentiating smaller structures by contrast (i.e.
resolution) and the smallest elementary particle that can be completely controlled and
measured to a high level of certainty and precision in present times is the electron (Lyman,
1990; Schatten & Pawley, 2008). When the electrons of a beam interact with the atoms
of a sample, several signals arise. These signals contain information on topography and
composition, as each atom on the surface of the sample will interact in a different manner
with the colliding electrons. The angle of incidence and the return signal (i.e. secondary
electrons, back-scattered electrons, photons, x-rays, light, absorbed current, and
transmitted electrons) provide enough information for an image with defined
characteristics to be created, thus when a beam is scanned in a rectangular pattern (i.e.
geolocation via raster scanning — from Latin rastrum and radere meaning rake and to

scrape), the reading of the signals for each individual location on the surface of the
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rectangle can be decoded into a pixel with specific values and an image is formed like
the one created by a computer printer (Lyman, 1990). The resolution for these images
can be around 1 nm to 20 nm, depending on several factors such as the wavelength of
the electrons combined with the electron-optical system that generates the beam which
defines the size of the electron spot, the size of the interaction volume, the volume of the
specimen. To date, the highest resolution achieved by a SEM is 0.4 nm from an
accelerating voltage of 30 kV and 1.2 nm at an acceleration of 1 kV without beam
deceleration and 0.8 with beam deceleration technology (Hitachi SU9000, Hitachi
Corporation, Tokyo) (Sunaoshi et al., 2016; Hitachi, 2017).

Hi.viiii Energy-dispersive x-ray spectroscopy (EDS)

Energy-dispersive x-ray spectroscopy (EDS) is an analytical technique used for the
elemental chemical characterization of a sample (i.e. elemental composition). The
fundamental principle behind EDS analysis is that each element in the periodic table has
a unique atomic structure that generates a unique signature-like signal and peaks of an
electromagnetic emission spectrum (Russ, 1984; Kaur, 2009). When a high-energy beam
of electrons or protons collides on the surface of a sample would excite the electrons of
those atoms in the surface which unless otherwise treated, would be in a ground state
(unexcited) and bound to the nucleus (Goldstein et al., 2003). As the incident beam hits
the electrons on the surface atoms, their energy may excite those in an inner shell ejecting
and creating holes which in turn are filled by electrons in the outer shells emitting an x-
ray. The count of x-rays, as well as their energy, can be measured with an energy-
dispersive spectrometer and thus the elemental composition of the sample can be
measured as each element will generate a different spectrum (Newbury & Ritchie, 2013).
In general terms, an EDS system would have an excitation source (electron or x-ray beam),
a detector, a pulse processor and an analyzer software that provides the user interface
(Goldstein et al., 2003).

1n.vii Inductively coupled plasma mass spectrometry (ICP-MS)
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical technique that
combines the principles of mass spectrometry (MS) and the atomic absorption using

plasma atomization of samples for identification (Holland & Tanner, 2003). Samples
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enter an ionized inert gas plasma (e.g. argon) in droplets (aerosolized) and the
components of the liquid phase are dried, molecules are dissociated, and one electron
from each atom of the sample is removed by the plasma. These singly-charged ions are
directed to a mass filter (MS) which in turn scans the mass range and separates based
on molecular mass-to-charge ratios (McCloskey, 1990; Holland & Tanner, 2003). After the
separation is completed, ions would hit a dynode (i.e. impact second emission electron
multiplier) that works as a detector. This cascade of electrons is then amplified until the
turn into a measurable pulse and recorded in the user interface (i.e. software) which is
used to compare the intensity of the measured pulse with that of a standard calibration
curve to determine the concentration of each element in the sample (Taylor, 2001;
Holland & Tanner, 2003).
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APPENDIX IV
LIFE CYCLE ASSESSMENT COMPLEMENTARY DATA

Outline of Impact categories. The outline of impact categories defined for the LCA in this

document. (Acero et al., 2017)

Impact Category

Explanatory remarks

Acidification

Definition

Reduction of pH. Acidifying effects of

anthropogenic emissions

Impact Indicator

Increase of acidity water and soil

Damage Categories Damage to ecosystem quality. Decrease in
(endpoint) biodiversity
Considerations Acidifying potential of nitrogen and sulfur oxides
Unit kg SO, equivalent

Climate Change Definition Alteration of global temperature due to

greenhouse gases

Impact Indicator

Disturbances in global temperature. Climatic
phenomenon

Damage
(endpoint)

Categories

Decrease in biodiversity (e.g. forests, coral reefs,
crops)

Temperature disturbances

Climatic  phenomenon  abnormality
strongest cyclones, torrential storms)

(e.g.

Considerations

Greenhouse gases (GHG) with global warming
potential (e.g. methane, sulfur, carbon dioxide)

Unit kg CO, equivalent
Depletion of Abiotic Definition Decrease on non-biological resource availability
Resources (non- and renewable) due to unsustainable use
Impact Indicator Decrease of resources
Damage Categories Damage to natural resources and potential
(endpoint) ecosystem collapse
Considerations Distinctions between renewable and non-
renewable resources
Unit Model dependent:
o kg antimony equivalent
o kg of minerals
o MJ of fossil fuels
o m?water consumption
Ecotoxicity Definition Toxic effects of chemicals in an ecosystem
Impact Indicator Biodiversity loss and or species extinction
Damage Categories Damage to ecosystem quality and species
(endpoint) extinction

Considerations

Toxicology and responses of different species.
Nature of the chemical entering the ecosystem
and in the ecosystem.

Unit

Model dependent:

o kg 1,4-Dichloro Benzene (1,4-DB)
equivalent

o PDF (Potentially Disappeared Fraction
of Species)

o PAF (Potentially Affected Fraction of
Species)
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Impact Category

Explanatory remarks

Eutrophication

Definition

Accumulation of nutrients
ecosystem

in an aquatic

Impact Indicator

Increase in nitrogen and phosphorus
concentration. Biomass formation (e.g. algae,
aquatic plants)

Damage
(endpoint)

Categories

Damage to ecosystem quality

Considerations

Nutrient transportation (i.e. air, water, land
wash-off)

Unit Model dependent:
o kg PO, equivalent
o kg N equivalent
Human Toxicity Definition Toxic effect of chemicals on humans

Impact Indicator

Cancer, respiratory diseases, non-carcinogenic
effects, effects to ionizing radiation

Damage
(endpoint)

Categories

Human health

Considerations

Human toxicology and responses. Nature of the
chemical when entering the human body.

Unit Model dependent:
o kg 1,4 DB equivalent
o Disability-adjusted life year (DALY)
DALY = Years lived with disability (YLD) + years of life lost (YLL)
lonizing Radiation Definition Radiation composed of particles with enough

energy to liberate an electron from an atom or
molecule

Impact Indicator

Effects of radiation (e.g. health decline, cancer,
iliness)

Damage Categories Human health and ecosystem quality

(endpoint)

Considerations Radiation from substances and toxicological
response of human and other species.

Unit Model dependent:

o kg U?®equivalent
o DALY
Land Use Definition Impact of anthropogenic activities (e.g.
agriculture, human settlement, resource
extraction) on the land

Impact Indicator Loss of species, loss of soil and soil quality,
organic matter dry content

Damage Categories Natural resource depletion (non- and renewable)

(endpoint)

Considerations Analysis of area of land to be altered, and
observations on biodiversity that could be
affected

Unit Model dependent:

o PDFm™

o m’xa
Ozone Layer Definition Reduction of stratospheric ozone layer caused
Depletion by anthropogenic emissions (i.e. ozone

depleting substances)

198



Impact Category

Explanatory remarks

Impact Indicator

UV-B radiation increase and number of cases of
skin diseases/illnesses

Damage
(endpoint)

Categories

Human health and ecosystem quality

Considerations

Atmospheric residence time of the depleting
substance, and equivalent effective
stratospheric chlorine (EESC)

Unit

kg CFC-11 equivalent

Particulate Matter

Definition

Small particles of reduced size suspended on air
with anthropogenic activity (e.g. combustion,
resource extraction)

Impact Indicator

Increase on suspended particles on air (e.g.
PM10, PM2.5, PMO0.1)

Damage
(endpoint)

Categories

Human health

Considerations

Interactions of the particles and behavior in the
environment

Unit

kg particulate matter

Photochemical
Oxidation

Definition

Smog created from sunlight effects, heat, non-
methane volatile organic compounds (NMVOC)
and nitrogen oxides (NOx)

Impact Indicator

Increase in summer smog

Damage
(endpoint)

Categories

Human health and ecosystem quality

Considerations

Meteorology of the area, chemical composition
of the atmosphere and pollutants entering the
air

Unit

Model dependent:
o kg ethylene equivalent
o kgNMVOC
o kg formed ozone
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Acidification

mmmm 8.504 kg SO2 eq: Silver mining
4,025 kg SO2 eq: AgNP production

2.164 kg 502 eq: Silver to storage
wess 0.052 kg SO2 eq: Hydroquinone production

mmmm 0.031 kg SO2 eq: Other

Ecotoxicity

= 5.8B5E5 CTUe: Silver mining

m— 2.922E4 CTUe: Silver to storage

6.475E3 CTUe: AgNP production

s 77.040 CTUe:  Heat production

mmmm 86.030 CTUe: Other

Eutrophication

mmmm 1.407E2 kg N eq: Silver mining
m— 5,672 kg N ea:  Silver to storage

2.299 kg Nea:  AgNP production
w0044 kg Neq:  Hydroguinone production

mmmm (0.032 kg M eq:  Other

Global Warming

m— 8.199E5 kg CO2 eq:

= 1,096E3 kg CO2 eq:
1.021E2 kg CO2 eq:

me 11.880 kg CO2 eq:

m— 4.730 kg CO2 eq:

AgNP production

Silver mining

Silver to storage production
Hydroguinene production

Other

Human Health —carcinogenics

mmmm §5.163E-3 CTUR: AgNP production

mm= 1.501E-3 CTUR: silver mining production
5.722E-5 CTUh: silver to storage

men 1,.535E-6 CTUR: Heat production

= 9. 449E-7 CTUR: Other

mm 0.031 CTUR: Silver mining

e 1.540E-3 CTUR: Silver to storage

2.089E-4 CTUh: AgNP production

wes 2.446E-6 CTUh: Heat production

mmmm 3.243E-6 CTUh: Other

Human Health — non-carcinogenics

Ozone Depletion

mmmm 4.790E-4 kg CFC-11 eq: AgNP production
mmm 1.711E-4 kg CFC-11 eq: Silver mining

1.015E-5 kg CFC-11 eq: Silver to storage

s 7.249E-7 kg CFC-11 £0: Hydrogquinone production

mmmm 4.718E-7 kg CFC-11 eq: Other

m— 1.706E2 kg 03 eq;

= 28.550 kg 03 eq:
21.970kg O3 eq:

m (.594 kg 03 eq:

= (.293 kg O3 eq

Photochemical Ozone Formation

Silver mining

AgNP production

Silver to storage
Hydroguinene praduction

Other
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1. 507E3 MJ surplus: Silver mining mmmm 2.425 kg PMZ.5 eq: AgNP production
B 9 gl

m—1.229E2 MJ SUrPIUS: Silver to storage = 1.009 kg PMZ2.5 eq: Silver mining
30.070 MJ surplus:  Hydroguinone production 0.208 kg PM2.5 eaq: Silver to storage
22,476 MJ surplus:  AgNP production e 8.849E-3 kg PM2.5 Hydroguinone production

w4850 MJ surplus:  Other mm— 4.455E-3 kg PM2.5 eq: Other

Resource Depletion Fossil Fuels Respiratory Effects

Figure 3. Overall contributions of hydroquinone-AgNP production TRACI 2.1. Overall
contribution from each process to their corresponding categories for the industrial
hydroquinone production process. From top to bottom left to right, acidification,
ecotoxicity, eutrophication, global warming, human health — carcinogenics, human health
— non-carcinogenics, ozone depletion, photochemical ozone formation, respiratory

effects, and resource depletion — fossil fuels. Methodology TRACI 2.1.
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Acidification

= (0.889 kg SOZ eq: Sodium nitrate production

mm (0,439 kg SO2 eq: Sodium phosphate production
0.379 kg SO2 eq: LED production

wem 0,135 kg SO2 eq: Sodium silicate production

= 0.062 kg SOZ eq: Other

Ecotoxicity

mmmm 1.589E3 CTUe: Sodium dichromate production

mmmm §.037E2 CTUe: Sadium phosphate production
5.746E2 CTUe: LED production

mess 5,287E2 CTUe: Sodium nitrate production

== 1.805E2 CTUe: Other

Eutrophication

mmmm 0.866 kg N ea: Sodium nitrate production
mmmm (0.576 kg N €0: Algae Culture

0.533 kg N eq: LED production
wess 0.496 kg N eq: Ultrapure Water production

mmmm 0.563 kg N ea: Other

Global Warming

mmmm 7.0B1E2 kg CO2 eq: Sodium nitrate production
m— 79.537 kg CO2 eq: LED production

51.103 kg CO2 eq: Sedium phosphate production
weses 30.218 kg CO2 eq:  Sodium silicate production

mmmm 16.830 kg CO2 eq: Other

Human Health —carcinogenics

mmmm 1.587E-4 CTUh: Sodium dichromate production

mm 2.612E-5 CTUN: Sodium phosphate production
5.984E-6 CTU: LED production

mes 4,374E-6 CTUR: Sodium nitrate production

== 1.844E-8 CTUh: Other

&

= 2 59BE-5 CTUh LED production

= 2,518E-5 CTUR Sodium phosphate production
2.372E-5 CTUh Sodium nitrate production

wess 6,233E-6 CTUh Sodium silicate production

mmmm 3.063E-6 CTUh Other

Human Health — non-carcinogenics

.I

Ozone Depletion

mmmm 1.405E-5 kg CFC-11 eq: Sedium nitrate production
mmmm 7.150E-6 kg CFC-11 eq: Sodium silicate production

6.844E-6 kg CFC-11 eq: Sodium phosphate production
e B.340E-6 kg CFC-11 eq: LED production

mmmm 1.345E-6 kg CFC-11 eq: Other

mmmm 9.920 kg O3 eq:  Sodium nitrate production
mmmm 4,081 kg Q3 q:  LED production

3.007 kg 03 eq:  Sodium phosphate production
s 1.279 kg 03 Q. Sodium silicate production

= 0.548 kg 03 eq: Qther

Photochemical Ozone Formation
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mmmm 0.084 kg PM2.5 eq: Sodium nitrate production

mm 0.044 kg PM2.5 eq: Sodium phosphate production
0.035 kg PMZ2.5 eq: LED production

mmmm 0.018 kg PM2.5 eq: Sodium silicate production

== 6.775E-3 kg PM2.5 eq: Other

Respiratory Effects

Resource Depletion Fossil Fuels

m— 4.538E2 MJ surplus: Algae Culture

mm 1.6071E2 MJ surplus: Sodium nitrate production
79.813 MJ surplus:  LED production

s 52,009 MJ surplus:  Sodium phosphate production

mmmm 37.230 MJ surplus:  Other

Figure 4. Overall contributions of biogenic-AgNP production TRACI 2.1. Overall

contributions from each process to their corresponding categories for the biogenic

production process. From top to bottom left to right, acidification, ecotoxicity,

eutrophication, global warming, human health — carcinogenics, human health — non-

carcinogenics, ozone depletion, photochemical ozone formation, respiratory effects, and

resource depletion — fossil fuels. Methodology TRACI 2.1.
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