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Abstract

Microalgae play a crucial role in the Earth’s ecosystem in addition to being utilized by
various industries as a raw material for production of valuable goods. This prompts the
question of how their growth conditions can be optimized. This work focuses on one of
the crucial nutrients they need in order to grow and live - bioavailable iron. However,
in natural open water most of the iron remains in a less soluble form, such as
nanoparticulate ferrihydrite. The effects this specific iron oxide has on growth of
Chlorella vulgaris, a freshwater unicellular green alga, have been compared to those of
other forms of iron. The topic of bioavailability has further been tested using different
organic agents, which have been shown to facilitate and improve uptake, the focal point
being leonardite humic acid (LHA). Growth of C. vulgaris has been analyzed using
spectrophotometry and cell count, however, the differences between various forms of
iron and organic agents have mostly been determined statistically insignificant.
Physical and chemical properties of ferrihydrite and LHA (such as iron content, surface
charge and particle size) have been examined using XPS, DLS and FTIR. Zeta potential
measurement by DLS has showed that ferrihydrite particles are positively charged at
biological pH range, as opposed to the negative charge on the surface of microalgae.
ICP-OES analysis has shown that the binding between ferrihydrite and microalgae or
LHA occurred within several hours. These analytical methods have allowed a better
understanding of the interactions between microalgae, ferrihydrite and LHA in a
solution. These interactions require further investigation, especially in cold-adapted
species.
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Popular Scientific Summary, Societal and Ethical Aspects

Popular scientific summary

Microalgae are water-dwelling organisms that use light, carbon dioxide, and nutrients
to produce oxygen and sugar. About 80% of the available oxygen on Earth is produced
by algae. They also serve as the primary food source for other marine organisms and
are in fact the basis of the marine food chain, without which the marine life cannot
survive. For these reasons it is important to investigate what factors affect microalgae
growth in oceans.

The focus of this work is one of the nutrients important for microalgal growth, iron.
Iron is an element found in oceans in different forms — it can be either dissolved in
water or in a form of undissolved particles. Only dissolved iron is available for
consumption by microalgae, and it can be bound to organic or inorganic molecules.
More than 90% of all dissolved iron in the ocean is bound to organic molecules.

The most interesting to us is one form of iron that is present in oceans — ferrihydrite. It
is an important natural nanomineral of the iron oxide family. This project is aimed to
explore the availability of ferrihydrite to microalgae for growth and to investigate how
exactly this form of iron binds to the surface of the microalgae cell. We hypothesized
that ferrihydrite will be more bioavailable to microalgae than other iron oxides, due to
its instability in water. Instability will result in faster dissolution, which will allow
microalgae to adsorb the former more efficiently than the latter.

In order to test our hypothesis, we used Chlorella vulgaris (13-1), a freshwater green
microalga. By tracking growth of microalgae cultures over the course of 9-10 days and
comparing growth rates, we deduced, which form of iron affected growth the most. Size
and surface charge of e ferrihydrite particles have been determined using dynamic light
scattering (DLS) and the results were used to discuss the effect of those properties on
bioavailability. The iron content of leonardite humic acid (LHA), an organic compound
that is found to increase bioavailability of iron, was analyzed using ICP-OES.

Societal aspects

This research project is connected to a broader topic of investigating factors affecting
growth of microalgae and can be viewed in the context of the UN Sustainable
Development Goals, specifically Goals 13, 14 and 6'.

Microalgae are the base of the marine food chain, serving as energy source for all higher
forms of life. They play a crucial role as consumers of CO2 and producers of oxygen,
which is necessary to sustain life on land and in water. Uptake of CO> by microalgae
can be used to mitigate the effects of increasing CO2 emissions and ocean acidification
on global warming?, which is connected to goal 13 (Goal 13 - Climate action).

Health of marine ecosystems (Goal 14 — Life below water) can be affected by changes
in growth rates of microalgae, for example harmful algal blooms. One famous case of
such harmful effects was the algal bloom of Chrysochromulina polylepis, which was
reported as a cause of death for approximately 900 tons of fish in the North sea in 19883,
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Microalgae are used for removal of pollutants, such as heavy metals, from aquatic
systems as part of remediation efforts*. This illustrates microalgae contribution to Goal
6 (Clean water and sanitation).

It is our duty as environmental scientists to investigate and explore changes that occur
in the natural ecosystems that we rely upon, if not for the sake of the biota itself (which
is a cause usually perceived as less important than human-related causes), then for the
sake of our own demographically growing mankind that is relying upon dwindling
resources.

Ethical aspects

This project included no work with animals, human material, human subjects, or GMO.
A native species of microalgae has been used for experiments. No new potentially
harmful substances have been synthesized during the course of this project.

The raw data is available and has not been altered during data analysis. This goes hand
in hand with the ethical norms of the scientific community, to present data objectively
and take responsibility for the obtained results. Statistical tools (t-test, ANOVA and
Tukey’s test) have been utilized to determine significance of results. An effort was
made to describe all the experiments as precisely as possible to allow for reproducibility
by fellow scientists, to comply with the principle of transparency.

Since this was a practical project, rather than a purely theoretical one, some disposable
tools and materials were used, which is inevitable in chemistry lab projects. However,
an effort was made to minimize the amounts of disposable resources, while keeping
such features as the usage of biological replicates since this is one of the cornerstones
of proper scientific experiments. All waste was discarded according to university policy
to prevent pollution of wastewater with hazardous compounds and further leaking of
those compounds into soil and natural bodies of water.
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List of Abbreviations

ANOVA Analysis of variance

CA Citric acid

CPS Counts per second

DLS Dynamic light scattering

EDTA Ethylenediaminetetraacetic acid

FH Ferrihydrite

FTIR Fourier Transformed Infra-Red (spectroscopy)
Hem Hematite

HSD Honestly significant difference

ICP-OES Inductively coupled plasma optical emission sprectroscopy
IHSS International humic substance society

LHA Leonardite humic acid

LOD Limit of detection

MQ Milli-Q ultra-pure water

NADP+ Nicotinamide Adenine Dinucleotide Phosphate
NC Negative control

NOM Natural organic matter

NORCCA Norwegian culture collection of algae

NP Nanoparticles

OD Optical density

PC Positive control

PSII Photosystem II

PzZC Point of zero charge

QY Quantum yield

SE Standard error

UV-Vis Ultra-violet visible (spectroscopy)

XPS X-ray photoelectron spectroscopy
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1.Introduction

Microalgae, unicellular fresh or seawater phytoplankton, have been the focus of
increasing scientific interest in the past decades, due to their roles in the Earth’s
ecosystem as an important part of the aquatic food chain, a consumer of CO; and
producer of oxygen; their biomass is a valuable feedstock for the production of biofuels,
biofertilizer and high value products such as health supplements and cosmetics’. As
photoautotrophic species microalgae thrive in the presence of light, CO, and nutrients®.
In addition to being present in sufficient concentrations, nutrients also need to be
bioavailable, i.e. in a form that is ready for uptake by microalgae cells. In natural
environments, specifically in the oceans, the limiting nutrient for growth often is iron’,
an important cofactor for many cellular enzymes (for example, NADP(+) reductase®).
Bioavailability of iron is affected by its chemical species, mineral phase, solubility, and
presence of organic ligands.

In aquatic systems, different types of iron can be found - either in the form of dissolved
species complexed to organic (e.g. siderophores) or inorganic (e.g. ferrous hydroxides)
ligands, as well as mineral (nano)particles. Two of the most common oxidation states
are observed as ferrous iron (Fe?") and ferric iron (Fe*"). Ferric iron is formed when
ferrous iron is exposed to oxidizing conditions, such as Oz and/or UV radiation’. Due to
relatively high levels of oxygen, ferric iron is the most common oxidation state to be
found in oceans. The different species of iron are characterized by different solubility
constants, which play an important role in bioavailability for microalgae, affecting the
growth conditions; the more soluble species are, the more bioavailable to microalgae
and vice versa!®. Solubility in seawater can be affected by several factors such as
temperature, pH, and salinity!'. The most common forms of iron in the ocean are
characterized by low solubility, making them less available for uptake by microalgae.

The focal point of this work is ferrihydrite (FesOsOH*4H>O or Fei0O14(OH)2), a
disordered crystalline form of nanoparticulate iron oxyhydroxide. This mineral phase is
thermodynamically unstable and therefore transforms with time as a result of oxidizing
reactions into more stable and crystalline ordered mineral phases, such as hematite
(Fe203) and goethite (a-FeO(OH)). Out of all iron oxides, ferrihydrite’s instability
makes it the most likely source of ferric iron for microalgae in the oceans'?.

The presence of organic chelating agents affects the bioavailability of iron to microalgae
as well. This occurs when the iron is complexed to an organic molecule, followed by
reduction of complexed ferric iron to more bioavailable ferrous iron by ferrireductase.
Siderophores, compounds secreted by bacteria present in the same environment as
microalgae, represent one such type of organic molecules, which are characterized by
high affinity towards ferric iron and the ability to produce iron ions as a result of redox
reactions with insoluble forms of iron'’,

In natural waters there are different types of dissolved organic matter, which act as
chelating agents, among them are humic acids. Humic acids contains both hydrophilic
and hydrophobic functional groups (such as carboxylic and phenolic), which participate
in a variety of reactions, for example interactions with metals'. Leonardite humic acid
(LHA) was chosen for this work for this work to test how organic matter affects the
bioavailability of different iron species. In these experiments [ used an optimized growth
medium (BG11) intended for microalgae, which includes the organic compounds EDTA
and citric acid, as well as iron pre-complexed with citrate (ammonium ferric citrate)'* in
order to increase the bioavailability of iron. Three microalgae species were used in this
project. C. vulgaris (13-1) is a Nordic freshwater unicellular green microalga
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characterized by spherically shaped cells, size varying between 2-10 pm and high
adaptability to various changes in its environment!>. Due to its resistance and rapid
growth rate, C. vulgaris is one of the most common freshwater algae found in
Sweden. The Nordic strain 13-1 is adapted to ambient temperatures around 15°C.
Pyramimonas sp. (UIO 569, obtained from NORCCA %) is a marine green alga from the
Barentz sea, adapted to 4°C and characterized by pyramidal shape and several flagella.
G. theta is a marine cryptophyte alga (CCMP2712, obtained from the Bigelow National
Center for Marine Algae and Microbiota). Other species of cryptophytes have been
found in the Antarctic!’, which prompted the question whether G. theta can grow in
similar temperatures as well and allow us to explore iron uptake in cold conditions.

Aim of the exam work

The aim of this thesis was to explore how the presence of different types of iron (and
different concentrations of those species) affects the growth of the three species of
microalgae, C. vulgaris, G. theta and Pyramimonas sp. The focal point of this project
was growth in the presence of ferrihydrite.

Objectives
¢ Identification of iron forms that promote microalgal growth rates.
e Testing LHA’s ability to increase bioavailability of iron.
e Characterization of ferrihydrite nanoparticles in aqueous solutions.

Hypothesis
Iron bioavailability to microalgae is affected by its type, solubility, and presence of

organic ligands. Crystalline structures of iron are less bioavailable for microalgae,
ferrihydrite therefore should be more bioavailable than hematite due to its less ordered
structure. Ferrous iron will be more bioavailable than ferric iron due to the former’s
higher solubility. LHA present in the microalgae solution will promote growth due to its
organic content. Larger size of nanoparticle aggregates will delay growth, since larger
particles are less bioavailable.

2. Materials and Methods

2.1 Preparation and cultivation of microalgae cultures

Chlorella vulgaris'® has been chosen to analyze the effect of ferrihydrite on microalgal
growth in the presence of LHA. Two additional cold-water adapted strains were chosen
to in\;gstigate iron uptake under Arctic conditions - Pyramimonas sp.'® and Guillardia
theta™.

C. vulgaris pre-inoculum, previously isolated in the Funk lab and kept in BG11, was
used to start all the cultures by adding 1-2 mL to a total final volume of 80 mL. Cell
count of the pre-inoculum was determined using Multisizer 3 (as detailed in Section 2.4)
which ensured approximately even concentrations of cells among experimental flasks.
Experiments were carried out using 250 mL Erlenmeyer flasks that were washed
(Lab500 SCL, Steelco) and sterilized (Laboklav - sterilized at 134°C for 15 min) prior
to use. About 80 mL of final solution volume was added to each flask. The inoculation
and mixing of components for each setting was performed under laminar flow and so
were subsequent daily sampling procedures. The aim of sterilizing flasks and using a
hood with a laminar flow was to minimize the chance of introducing contaminations to
the cultures.



A modified version of BG11' (sterilized at 121°C for 20 min) was used based on the
results obtained previously in the Funk lab, which showed that half the amount of
phosphate mentioned in preparation instructions for BG11 is sufficient to sustain growth
for an experiment that lasts 10 days. After preparation, flasks were placed into a shaker
incubator at 18 + 2°C, 100 rpm under continuous light intensity of 80 umol m™s™, in
order to provide gentle stirring of the cultures under light conditions that were found to
be optimal for this strain®!.

50 mL Erlenmeyer flasks (washed and sterilized) and 150 mL culture flasks were used
for experiments with Pyramimonas sp. H/2 medium?? was used for cultivation. 1L
culture flasks were utilized during experiments with G. theta and a modified F/2
medium?? was used for cultivation. For both species of microalgae, flasks were placed
in a shaker incubator at 4 + 2°C at 50 rpm and continuous light intensity of 20 pmol m

2571,

2.2 Experimental design

Each experiment was designed to have one dependent variable, one or two independent
variables and the rest were controlled variables. The dependent variable was growth of
microalgae, as observed by several analytical methods (described in detail below). The
independent variables were species of iron, concentration of iron and type of organic
chelating agent. All growth experiments were carried out using biological triplicates to
account for possible variation in the results.

2.2.1 Chlorella vulgaris

To analyse the effect of different mineral species of iron (and their concentrations) on
growth of C. vulgaris conditions of these substances were varied. Positive and negative
controls were included in each experiment to verify that microalgal growth indeed
occured in standard conditions and accelerated or delayed in dependence to the
independent variables.

Growth in the presence of ammonium ferric citrate green (used as a positive control)
was compared to ferrihydrite, hematite, or FeCl,. In negative control cultures no iron
was added to the culture medium. Ferrihydrite (0.032 M) and hematite (0.0157 M)
solutions were synthesized in the Boily lab.

To analyse whether the type of organic matter affects growth, 3.4x107 M EDTA
(ethylenediaminetetraacetic acid), 3.12x10° M citric acid or 5% (v/v) leonardite humic
acid (LHA) were added to the culture medium. LHA stock solution was prepared by
dissolving 2 g of LHA powder (IHSS standard 1S104H) in 100 mL NaOH 1M, and
adjusting the volume to 1 L with MQ®. The carbon content of the above mentioned
solution is 1276 mg L', as has been previously determined?’. The effect of LHA on
growth was analysed by growing microalgae in an iron-depleted BG11 in the presence
or absence of LHA.

2.2.2 Guillardia theta and Pyramimonas sp.

G. theta was placed in culture flasks, whereas Pyramimonas sp. culture was divided
between culture flasks and Erlenmeyer flasks to test whether the type of container affects
growth. Growth was observed under limiting light conditions and cold temperature, as
specified above. Cells were counted on day 0 and day 10. Since no growth was detected
in both species, all the experiments described below were performed using C. vulgaris.



2.3 Optical density (OD)

OD was measured at the wavelengths 530, 680 and 750 nm at least every other day using
a T-90 UV-Vis spectrophotometer (PG Instruments Ltd) and polystyrene cuvettes
(Sarstedt).

With spectrophotometry either absorbance or transmittance of light by a given sample
can be measured. A beam of light is shot through the cuvette that contains the sample
and a detector located on the other side of the cuvette determines how much of the light
passed through the sample. Based on the content of the sample, different chromophores
(molecules that absorb certain wavelengths of visible light and reflect others resulting
in the molecule’s color) will absorb different wavelengths of that light if the frequency
of their vibrations or the differences in energy between electronic energy states coincide
with the frequency of the beam of light that hits the sample. The transmittance of the
sample is expressed in percentage — 0% is a sample that absorbed all the light and 100%
is a completely transparent sample. The transmission value is used as conversion
between the absorbance of a chromophore and its concentration in a solution (based on
Beer-Lambert’s law, Equation 1) with absorbance is calculated as -log[transmission]**.

A= excxl (Equation 1)

Prior to each measurement the instrument was calibrated using a blank suitable for this
specific setting, to avoid absorption of other components in the solution than microalgae
cells (for example, prior to measuring absorbance of microalgae solutions that contained
LHA, a blank made of LHA and BG11 was used).

2.4 Cell count

Microalgae cells were counted at least every other day using a Multisizer 3 (Beckman
Coulter). This instrument provides number of cells in the culture per 1 mL by using the
Coulter principle — a solution containing the particles (in our case, cells) passes between
two electrodes that have a weak constant electric current between them. Passage of
particles in the space between the electrodes results in a small change in the electric
current and that change can be converted into number and size of particles?. In addition
to number of cells mL™!, the report provided by the Multisizer software (version 3)
includes size distribution of cells in each measurement.

2.5 Quantum yield (QY) and pH

QY was measured every other day using an Aquapen fluorometer (Aquapen-C, Photon
System Instruments) and a polystyrene cuvette with 4 clear sides (VWR). This
measurement provides general information regarding the overall health of the
Photosystem II protein complex, which is responsible for the water oxidation step in the
photosynthetic process. QY values of 0.7 - 0.8 are expected in a healthy culture and
point to higher efficacy of PSII*®, whereas relatively lower values indicate more PSII
sites are damaged and the health of the cells is deteriorating®’. Prior to measurements,
samples were dark adapted for at least 30 min.

As another indicator of the overall health of the culture, pH was monitored every other
day using a pH meter (VWR). The pH of BG11 is around 7, lower pH values measured
as the experiment progresses might indicate there is bacterial overgrowth in the flasks.

2.6 Growth rate

Exponential growth rate (Lexp) calculation is a quantitative way to compare microalgal
growth and reach conclusions regarding the stimulating or limiting effect of different
types of iron (or other changing conditions). In all experiments the growth rates of the
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exponential phases were calculated by using cell count values both in Excel (Equation
228) and Prism (using the exponential growth model*”).

(divisions) __ LnBy-LnB, (Equation 2)

day ty—to
Where By is microalgal density at first day of exponential phase, BN is microalgal
density at last day of exponential phase and tn-to is number of days in exponential phase.

2.7 ICP-OES

ICP-OES (Inductively coupled plasma — optical emission spectroscopy) is an analytical
method used to determine the elemental composition of a given sample. It works by first
turning a liquid sample into aerosol and using high-temperature plasma to ionize the
components of the sample. In the process of ionization, the electrons in the different
elements that compose the sample become excited and transition to higher energy states.
After some time, the electrons relax to lower energy states and in the process of
relaxation the excess energy is emitted as photons. The emission occurs in different
wavelengths that are unique to each element, creating a “fingerprint” of that element that
allows the instrument to identify the different elements that compose the sample. The
output includes a quantification of the concentration of specific elements in the sample>!.
A specific element in a sample can be detected using several wavelengths in which the
element emits photons.

Measurements were performed using ICP-OES 5800 (Agilent Technologies) with argon
as a carrier gas, and the intensity of iron was measured at 238.204 nm>2. Prior to
measurements, it is necessary to measure a series of standards, i.e., solutions with known
concentrations that form a calibration curve which is used to convert the output
(intensity) to concentration. The estimated concentration in the sample needs to fall
within the lowest and highest concentrations of standards, otherwise the results are
invalid.

Iron standards for ICP-OES were prepared by dissolving FeCls in nitrified MQ, in
concentrations ranging from 20 mmol L! to 0.02 fmol L. A purchased iron standard
kindly provided by Erik Bjérn (TraceCERT, 1 g L'! in HNOs) was used as well.

Microalgae samples were prepared for analysis by first filtering them using 0.22 um
sterile hydrophilic filters (Sarstedt) in order to remove larger particles from the solution
(mainly microalgae cells and larger particles of LHA). The remaining liquid was
acidified using HNO3 65% and nitrified water (1% of HNO3; 65% in MQ) to prevent
precipitation of insoluble iron oxides. Standards and samples were stored in a cold room
(4 °C) until testing.

LHA dry powder sample was prepared for analysis of iron concentration by acid
digestion. It was necessary to modify the method of digestion using aqua regia®* due to
logistical reasons. Therefore, 1 M HCI (made from HCI 37% by VWR) was added to the
sample and allowed to stand for 24 hours at room temperature (20 [1C). This was
repeated on a new sample with 12 M HCI (made from HCI 37% by VWR) and the results
were compared.

The order of steps during sample preparation for ICP-OES analysis (filtering and
acidification) was tested to see whether it affects the results by preparing samples both
ways and measuring the iron concentration. A t-test was done to determine whether the
difference between the concentration values is significant.



2.8 Characterization of ferrihydrite nanoparticles - Zeta potential, hydrodynamic
diameter, and number of binding sites.

The particle size and zeta potential of ferrihydrite have been measured using Zetasizer
(Malvern). This instrument works according to the DLS (dynamic light scattering)
principle, which states that particles in a solution will move according to Brownian
motion, meaning randomly (unless there are other forces that impact them, such as an
electric field or gravity). When particles move, they collide with the solvent molecules
and their kinetic energy changes because of those collisions. Larger particles move
slower compared to smaller particles. When a beam of light passes through the colloid
suspension, the photons hit the particles and get dispersed. This dispersion forms a
different pattern which changes as a result of the particle movement. The pattern changes
quicker if the particle is smaller and vice-versa, which allows to calculate their
hydrodynamic diameter>*.

Zeta potential (measured in mV) is a value that essentially represents the electrostatic
potential at particle surfaces, which can be either negative or positive. High surface
potential will lead to more repulsion between the particles and thus, a more stable colloid
suspension. Low surface potential that decreases until the point of zero charge will lead
to more attractive forces between the particles resulting in aggregating (since it lowers
the surface energy and therefore is more thermodynamically favorable). In this case, the
size that will be measured by the instrument will be the size of the particle cluster and
not a single nanoparticle. Zeta potential is affected by pH and ionic strength, which need
to be monitored during measurements.

A suspension of ferrihydrite nanoparticles was analyzed using the Zetasizer in a range
of 6.0 — 9.0 pH in order to determine the point of zero charge. During this analysis the
hydrodynamic diameter of nanoparticles was measured as well.

The number of binding sites on nanoparticles can be estimated using Equation 3°°. In
this project it was used to calculate the theoretical number of binding sites on
ferrihydrite.

Conc. (mTOl) = Mg* Sy p* Ni (Equation 3)
A

Where Ms is the density of nanoparticle suspension (g L), Sa is the specific surface
area of nanoparticle (m? g''), p is the density of binding sites (sites nm™?) and Na is
Avogadro’s number.

2.9 XPS

XPS (X-ray photoelectron spectroscopy) analysis is based on the photoelectron effect,
where X-rays hit a sample and cause the release of electrons from the atoms on the
surface. The kinetic energy of the emitted electron is correlated with the depth from
which this electron was released. Measuring the kinetic energy of those electrons and
plotting it results in a spectrum where peaks can be identified and attributed to an
electron from a certain orbital in an element, thus identifying the element®®. The resulting
spectrum is comprised of peaks created as a result of photoelectrons emission and Auger
photoemission peaks.

XPS analysis using Electron spectrometer Axis Ultra DLD (KRATOS Analytical. Ltd)
was performed by Andrey Shchukarev on a sample of microalgae solution that contained
added ferrihydrite after the sample was air-dried at room temperature. This method was
also used to analyze the surface of dry LHA powder for presence of iron.



2.10 Glassware preparation

Three different methods were compared — dishwasher only, dishwasher followed by
washing three times with MQ and dishwasher followed by an acid bath®’ followed by
washing three times with MQ. All flasks were sterilized after cleaning and used for
incubation of microalgae in identical conditions (same composition as positive control).
Optical density was measured on days 0 and 6, to assess whether there were significant
differences between the growth of microalgae in differently treated flasks.

2.11 Statistics, literature search and Al usage.

Diva portal, Google Scholar, and Sci-Finder were used for literature search. All growth
experiments have been performed in triplicates, using biological replicates, unless stated
otherwise. For statistical purposes it was necessary to calculate standard error (SE, a
measure of how accurately the mean of the samples represents the mean of the
population) values to be used as error bars. The data is expressed in mean = SE (n = 3),
except when stated otherwise. Statistical analysis was done using one-way ANOVA in
the case of experiments with one independent variable and two-way ANOVA in
experiments with two independent variables. If the p value of ANOVA was smaller than
0.05, Tukey’s test was performed on individual pairs of treatments. SE calculations,
ANOVA and Tukey’s test were done using Excel (Office 365). Plots were fitted using
Excel and specific growth rates were calculated using Prism (GraphPad, version 10.1.1).
Al was not used for the purpose of writing this report.

3. Results

3.1 Appearance of Chlorella vulgaris cultures

Some of the flasks containing C. vulgaris were observed to develop a ring of aggregated
microalgae cells right above the solution level in the flask (Figure A1.1). The ring was
gently scraped using an inoculation loop every day prior to sampling.

During microalgal growth often aggregation at the side of the culture flasks was
observed. Therefore, cleaning methods of Erlenmeyer flasks were compared to
determine whether a different method can prevent these aggregations.

Three cleaning methods of flasks were compared by measuring algal growth (ODego on
day 0 and day 6 of incubation, Figure A1.2). The physical appearance of the cultures
was also recorded, i.e. the appearance of flocculation or cell aggregation (Figure A1.3
A-C). Regardless of the cleaning method, aggregation of the microalgae was observed
in all flasks. On day 0 the OD was measured to be 0.140 in the flask treated with
dishwasher only, 0.134 in the flask washed with deionized water (MQ) after
dishwashing and 0.136 in the flask washed with acid bath and MQ after dishwashing.
The OD on day 6 of culture growth was measured to be 0.421 in the flask treated by
dishwasher only, 0.387 in the flask treated by dishwasher and MQ and 0.402 for
dishwasher followed by an acid bath and MQ.

3.2 Growth rates and overall health of Chlorella vulgaris cultures containing
various types of iron and organic agents.

To analyse growth stimulation of various species of iron, cultures of Chlorella vulgaris
(13-1) were grown in BG11 depleted of iron (negative control), or in the presence of
either 23 puM ferrihydrite, 23 uM hematite or 0.015 pM FeCl.. Addition of 23 pM
ammonium ferric citrate green, which is present in regular BG11, served as a positive
control (Figure 1). Positive control cultures were the only ones that contained 3.12x10
6 M citric acid and 3.4x10”” M EDTA as organic agents (standard components of BG11).
All cultures were inoculated with ~1x10° cells mL™! on day 0, however, after 10 days of
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growth the positive control exhibited the highest final count of 43.43 + 0.32x10° cells
mL!, followed by the cultures containing FeCl> (36.59 + 3.07x10° cells mL!) and
ferrihydrite (20.64 + 0.69 x10° cells mL!). Both hematite and the negative control
showed relatively minor growth with a final measurement of only 8.40 + 0.29x10° cells
mL! and 9.77 + 0.16x10° cells mL™!, respectively.
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Figure 1. Availability of different iron species for the growth of C. vulgaris. Positive
control (PC, 23 uM ammonium ferric citrate green + 3.12x10°% M CA + 3.4x107 M
EDTA), negative control (NC, iron-depleted), ferrihydrite (FH 23 uM), FeCl (0.015
uM) and hematite (Hem, 23 uM). Mean values + SE (n = 3) are presented. Calculated p
value = 2.5x10°®

Exponential growth rates (Figure A1.4) have been calculated based on cell count values
presented in Figure 1. While addition of 23 pM ammonium ferric citrate green (positive
control, PC) resulted in a growth rate of 0.386 day!, depletion of iron (negative control,
NC) resulted in a growth rate of only 0.217 day!. Addition of 0.015 uM FeCl, to the
cultures induced a growth rate of 0.363 day!, 23 uM ferrihydrite 0.291 day™!' and 23 uM
hematite 0.199 day'.

Measurements of pH in these cultures (Figure A1.5) at day O indicated pH values
between pH 7-8 (23 uM hematite pH 8.10; 23 uM ferrihydrite pH 7.54, FeCl pH 7.40;
23 uM ammonium ferric citrate green as PC pH 7.17 and iron-depleted NC pH 7.06,
respectively). At day 1, a decrease in pH was observed in all cultures to values in the
range of pH 7.26 - 7.39. After 4 days of growth a pH increase was observed in all
cultures, which indicates active photosynthesis of the microalgae. The highest value for
the positive control culture was measured already on day 8 (pH 9.92), while the negative
control culture as well as the cultures grown in the presence of ferrihydrite, hematite and
FeCl, reached maximal pH values at day 10 (pH 8.43, 9.10, 8.17, 9.93, respectively).

After growth of C. vulgaris was established in the presence of ferrihydrite, the
stimulating effect of different types of organic ligands (3.12x10° M CA, 3.4x107 M
EDTA or 5% (v/v) LHA was investigated (Figure 2). Cultures were inoculated with
around ~1x10° cells mL™! on day 0, and growth of the cells was investigated for 10 days.
Highest cell count was observed in cultures containing 23 uM ferrihydrite and 5% LHA
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(13.72 £ 0.20x10° cells mL™!), followed by those containing only 23 puM ferrihydrite
without any organic agent (9.45 + 6.36x10° cells mL™") and then those containing 23 uM
ferrihydrite + 3.12x10° M CA + 3.4x10”7 M EDTA (4.46 + 2.57 x10° cells mL™"). Both
positive (23 uM ammonium ferric citrate green +3.12x10° M CA +3.4x107 M EDTA)
and negative (iron-depleted + 3.12x10° M CA + 3.4x107 M EDTA) controls showed
relatively lower growth with a final measurement of 3.19 + 0.80x10° cells mL™!' and only
1.41 £0.19 x10° cells mL!, respectively.
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Figure 2. Growth of C. vulgaris in the presence of ferrihydrite and different organic
agents. Positive control (PC, 23 uM ammonium ferric citrate green + 3.12x10° M CA
+3.4x107 M EDTA), negative control (NC, iron-depleted + 3.12x10° M CA + 3.4x10-
M EDTA), ferrihydrite in the absence of organic agents (FH, 23 uM), ferrihydrite in
the presence of citric acid and EDTA (23 uM FH + 3.12x10° M CA + 3.4x107 M
EDTA, ferrihydrite in the presence of LHA (FH 23 uM + 5% LHA). Mean values + SE
(n = 3) are presented. Calculated p value = 0.03

Exponential growth rates (Figure A1.6) have been calculated based on the cell count
values presented in Figure 2. The culture with 23 uM ferrihydrite and 5% LHA added
had the highest growth rate of 0.341 day’!, followed by the culture with added
ferrihydrite (23 uM, without organic agents) that had a rate of 0.256 day'. 23 uM
ferrihydrite in the presence of 3.12x10° M CA and 3.4x107 M EDTA induced a growth
rate of 0.205 day'. Both positive (23 pM, ammonium ferric citrate green + 3.12x10° M
CA + 3.4x107 M EDTA) and negative (iron-depleted + 3.12x10° M CA + 3.4x107 M
EDTA) controls showed relatively lower growth rates of 0.158 day™' and only 0.055 day”
! respectively.

Measuring the pH values of these cultures (Figure A1.7) showed that already on day 0,
the culture containing 23 uM ferrihydrite and 5% LHA had the highest pH value 0f 9.46,
compared to the other cultures which showed values ranging between pH 6.98 - 7.08.
However, the pH value of the culture containing 23 uM ferrihydrite and 5% LHA
decreased on day 1 to pH 7.24, on the following days a steady increase in pH was
observed, resulting in pH 8.9 at day 9 of the experiment. At day 1, the positive control
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(23 uM ammonium ferric citrate green + 3.12x10° M CA + 3.4x107 M EDTA) showed
a noticeable decline to pH 6.56, while the other cultures varied between pH 7.07 - 7.46.
With the exception of the abovementioned culture containing 23 uM ferrihydrite and
5% LHA, the cultures showed maximal pH values on the last day of measurement, day
9 — the negative control (iron-depleted + 3.12x10° M CA + 3.4x107 M EDTA) had a
pH value of 7.70, the cultures in the presence of 23 uM ferrihydrite (with 3.12x10° M
citric acid and 3.4x107 EDTA) a pH of 8.47 and the culture containing 23 uM
ferrihydrite without organic agents a pH of 8.48.

Quantum yield measurements (Figure A1.8) at day 0 resulted in the value 0.63 for the
negative control, but also for the culture grown in the presence of ferrihydrite and LHA,
for the other cultures the measured value was 0.66. These were the lowest measured
values throughout the experiment, indicating that the cultures still were in lag-phase.
After three days of growth maximal QY values were measured for all cultures (0.79 for
the positive control (23 uM ammonium ferric citrate green + 3.12x10 M CA + 3.4x10°
"M EDTA) and cultures with 0.015 uM FeCl» and 23 uM ferrihydrite and 5% LHA
present, 0.78 for cultures with 23 uM ferrihydrite in the absence of organic agents). The
negative control (iron-depleted + 3.12x10 M CA + 3.4x107 M EDTA) had a maximal
QY of 0.66 at day 2.

Microalgal growth has also been measured (Figure 3) in a set-up designed to test the
effect of the organic agent LHA when combined with different species of iron (5% LHA
was added to all cultures except for positive control and negative control). At day 0, all
cultures contained ~1x10° cells mL™!. After 10 days of growth, however, there was a
drastic difference observed in cell number between the cultures that contained LHA
compared to those depleted of LHA. The positive and negative controls contained 3.630
+ 0.258x10° cells mL! and 1.279 + 0.097x10° cells mL™!, respectively. In the presence
of 5% LHA at day 10 all cultures contained more than ~6x10° cells mL™'. The highest
count was measured in the presence of 23 uM hematite and LHA and in the presence of
the negative control only containing 5% LHA, but no extra iron species (9.638 + 0.198
x10° cells mL! and 9.373 + 0.716 x10° cells mL"!, respectively). The presence of 0.15
nM ferrihydrite and 5% LHA resulted in a cell count of 8.931 + 0.609x10° cells mL™!. A
culture with 23 pM ferrihydrite in the presence of 5% LHA had the lowest cell number
among the cultures that contained LHA of 6.931 = 0.183x10° cells mL™!. Statistical
variation of the cultures is shown in supplementary material (Figures A1.9-A1.11).
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Figure 3. Cell number in cultures of C. vulgaris containing LHA and varying species
and concentrations of iron. Positive control (PC, 23 uM ammonium ferric citrate green
+3.12x10°M CA + 3.4x10”7 M EDTA), negative control (NC, iron-depleted + 3.12x10-
®M CA + 3.4x107 M EDTA), negative control containing LHA (NC + 5% LHA),
ferrihydrite (23 uM) with LHA (FH + 5% LHA), ferrihydrite (0.15 nM) with LHA (FH
+ 5% LHA), and hematite (23 pM) with 5% LHA (Hem + LHA).

Mean values (n = 3) are presented. P value = 2.64x107

Exponential growth rates (Figure A1.12) have been calculated based on cell count
values presented in Figure 3. The highest exponential growth rates were observed for
cultures containing cultures containing 5% LHA, with a rate of 0.294 day™! for cultures
containing 23 pM hematite and LHA, followed by 0.270 day™ for cultures containing
negative control and LHA. The growth rate of the culture containing 0.15 nM
ferrihydrite and LHA was calculated to be 0.267 day ! and the rate of the culture with 23
uM ferrihydrite and LHA was 0.251 day'. The positive (23 pM ammonium ferric citrate
green + 3.12x10° M CA + 3.4x107 M EDTA) and negative (iron-depleted + 3.12x10°¢
M CA +3.4x107 M EDTA) controls, in the absence of LHA, showed the lowest growth
rates in comparison to the other cultures (0.173 day™! and 0.044 day™!, respectively).

The pH in the cultures (Figure A1.13) containing 5% LHA was higher at day 0 (ranging
between pH 8.65 - 9.13) compared to the positive (23 pM ammonium ferric citrate green
+3.12x10° M CA + 3.4x107 M EDTA) and negative (iron-depleted + 3.12x10° M CA
+3.4x107 M EDTA) controls (pH 7.35 and 7.12, respectively). At day 1 it decreased in
the cultures that contained LHA (pH 7.75 - 7.92), whereas it increased in the positive
and negative controls (pH 7.67 and 7.41, respectively). During longer incubations, all
cultures showed a steady increase in pH values and on the last day the negative control
reached a pH value of 7.62, whereas the other cultures obtained values in the range of
pH 8.55-8.97.
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On day 0 the positive control (23 pM ammonium ferric citrate green + 3.12x10° M CA
+ 3.4x107 M EDTA) and cultures containing 23 uM hematite and 5% LHA had QY
values of 0.62 (Figure A1.14), while the negative controls (iron-depleted), independent
of the presence or absence of 5% LHA as well as the culture containing ferrihydrite (23
pM) and 5% LHA exhibited QY values of 0.60. Cultures containing ferrihydrite (0.15
nM) and 5% LHA were measured to have QY values of 0.61. As expected, the QY
values increased in all cultures on days 1 and 3. On day 3 the positive control reached a
maximal value of 0.78, which then decreased until day 9 (QY value of 0.76). QY of the
negative control increased until day 5 (0.76) and then declined to a final QY value of
0.66. Also, the negative control containing 5% LHA reached its maximal QY value on
day 5, 0.77, and then decreased to a value of 0.75 on day 9. Cultures containing
ferrihydrite (23 uM or 0.15 nM) and 5% LHA reached a maximal QY value on day 5
(0.78 and 0.77, respectively), which then decreased to 0.77 and 0.76, respectively.
Cultures containing 23 uM hematite and LHA reached maximal values on day 5 (0.77),
which decreased to 0.75 on day 9.

3.3 Growth of Pyramimonas sp. and Guillardia theta

Results of growth experiments with Pyramimonas sp. and G. theta in 4°C and reduced
light intensity (20 pmol m?s"' compared to 80 pumol m?s™ in C. vulgaris growth
experiments) are presented in Table A1.15 and Table A1.16, respectively. Both species
of microalgae were placed in a setting aimed to mimic temperature and light intensity in
the Arctic, in order to investigate iron uptake and bioavailability in those conditions. The
first step in our planned experiment was to place both species under colder temperature
and reduced light intensity in medium solutions containing a standard source of iron
(FeCl), to track growth and then to continue to settings with ferrihydrite as an iron
source. G. theta was placed in culture flasks, while Pyramimonas sp. was divided
between culture flasks and Erlenmeyer flasks to check whether there is a significant
difference in growth between the two types of containers.

However, the results of cell numbers in Pyramimonas sp. showed the culture is dying
and the cell numbers in the G. theta culture were not counted on day 10 at all since the
cultures looked like the cells had died (green color was observed, instead of the expected
pink-brownish). Therefore, the experiments with those species were not continued.

3.4 Iron content in microalgae cultures and LHA

Several analytical methods were used to assess the LHA standard that was used for
experiments, as well as the presence and concentration of iron in the cultures. ICP-OES
was used to determine the concentrations of iron during the progression of the
experiment to assess how much of the added iron remained in the solution and was not
adsorbed or absorbed by the microalgae. It was also used to determine the iron
concentration in the LHA standard. FTIR was used to determine the presence of different
species of iron in the stock solutions of iron that were used for the experiments and in
the algae cultures. XPS was used to investigate whether iron was adsorbed to the outer
wall of the microalgae cells and the composition of LHA dry powder. Excel was used
for calculations of growth rate and for statistical tests to assess the significance of the
results.

ICP-OES measurements to determine the iron concentration in samples showed that a
solution that should contain LHA and FeCls at a concentration of 23 uM (Table A2.1)
in fact contained LHA and FeCl; at a concentration of 20.03 + 1.80 uM when using
method “A” and 18.38 + 0.21 uM when using method “B”. Solutions that contained
ferrihydrite and LHA, again at a concentration of 23 uM, the result for method A was
1.68 + 0.22 uM and for method B 1.54 + 0.06 uM. For solutions containing hematite
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and LHA, the intensity values that were used to calculate concentration were below level
of detection for both methods. The concentrations were calculated using the output of
the measurements, given as absorption intensity, by using a calibration curve of pre-
prepared standards with known concentrations of iron (Figure A2.2).

The iron concentrations at day 0 and day 5 in C. vulgaris cultures grown in the presence
of LHA (Figure 3) measured by ICP-OES are shown in Table A2.3. The concentrations
were calculated by plotting the absorption intensity of the samples in the calibration
curve of pre-prepared standards with known iron concentrations (Figure A2.4). The
positive control was calculated to contain an iron concentration of 19.53 + 0.15 uM at
day 0 and 0.07 £ 0.06 uM at day 5. The culture containing 0.15 nM of ferrihydrite
showed a result below level of detection at day 0 and was calculated to contain 1.13 +
0.11 pM at day 5. The culture containing 23 uM of hematite showed a result below level
of detection at day 0 and was calculated to contain 1.8 = 1.03 uM at day 5. The other
samples showed iron concentrations below the level of detection both on day 0 and day
5.

In order to quantify the iron content in LHA, iron was extracted from LHA using two
different concentrations of HCI. For a comparison, a control sample of LHA in MQ
water was analyzed as well. After the extraction the acid-containing sample appeared to
have an orange-red color (Figure A2.5). The resulting solutions were filtered and
acidified using nitric water and concentrated nitric acid and analyzed by ICP-OES
(Table A2.6). Only one replicate of each setting was analyzed. The mean value of | M
HCI extraction results was 1.894 + 0.400 uM (n = 3).

The measurements of the iron concentrations of LHA in MQ water and using 12 M HCI
for extraction were inconclusive. The calibration curve in Figure A2.4 was used to
calculate the iron concentrations of these measurements.

3.5 Characterization of ferrihydrite

XPS analysis (Figures A3.1-A3.3) was performed on day 10 of a C. vulgaris culture
grown in the presence of ferrihydrite (Figure 3) and on a sample of LHA powder. The
peaks that are characteristic to specific orbitals in elements*® are marked in both plots
and summarized in Table A3.4. Peaks marked as KLL are Auger emission peaks. In
both spectra, no peaks characteristic for Fe 2p orbital were observed (usually found
between 707 - 720 eV).

C. vulgaris cultures containing ferrihydrite either at 23 uM or 0.15 nM were analyzed
by FTIR and spectral peaks characteristic for C. vulgaris® and expected areas for iron
oxide** have been assigned (Figure A3.5). This experiment was performed to confirm
that ferrihydrite is present in those cultures and was not transformed to hematite (which
can happen with time). The samples were dried prior to analysis and analyzed in the
range of wavenumbers 500 - 4,500 cm™. In all these spectra, no characteristic peaks of
iron oxides could be identified. A sample that contained only microalgae solution
without iron was analyzed as well.

The concentration of adsorption sites on ferrihydrite particles that were used for our
experiments has been estimated to be 2.6 mM (using previously reported values)®>. This
value means that under the assumption there are three adsorption sites per squared nm
on the surface of ferrihydrite, in a suspension that contained 2.6 g L™ ferrihydrite, there
were in total 2.6 mM adsorption sites in the entire suspension.
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Where Ms is the density of the ferrihydrite suspension (2.6 g L'), Sa is the specific
surface area of ferrihydrite (200 nm? g!), p is the density of binding sites (3 sites per nm”
2) and Ny is the Avogadro constant.

Zeta potential of ferrihydrite nanoparticles was measured to assess the colloidal stability
of the microalgae solutions. The particle size was also measured since it has the potential
to affect the bioavailability of the nanoparticles.

The zeta potential (Figure A3.6) and particle size (Figure A3.7) of ferrihydrite were
measured using the Zetasizer. Prior to the measurement, the pH electrode of the
instrument was calibrated using solutions of pH 4, 7 and 9. The pH was monitored during
the measurement to find the point of zero charge (a value of 8.1, taken from a recent
publication*!, was used as a reference point).

The ferrihydrite solution was prepared by 10-time dilution of the stock solution Ten
measuring points were determined, and each point was measured with three technical
replicates. In total, 21 measurements of the zeta potential and 21 measurements of the
particle size were performed. The point of zero charge was calculated by the Zetasizer
software to be at pH 8.69 (Figure A3.6). The ionic strength has been calculated to be
6.72 mM at pH ~7, based on conductivity measured by the Zetasizer.

In addition to the experiments mentioned above, Zeta potential was measured in a culture
of C. vulgaris (BG11 media, at pH 7.1) in order to determine the surface charge on the
microalga cells. This has resulted in a mean value of -28.5 £ 0.64 mV.

An attempt to measure particle size of ferrihydrite in the same solution was not possible
due to the concentration of ferrihydrite being too small for this kind of measurement (as
indicated by the Malvern software during data analysis). Therefore, a measurement of
ferrihydrite hydrodynamic diameter was done on a more concentrated suspension
(unknown concentration) of ferrihydrite at pH 6, which resulted in a mean value of
158.80 + 43 nm.

4. Discussion

The aim of this thesis work was to establish the effect of various iron species on the
growth of microalgae. I therefore cultivated Chlorella vulgaris in the presence and
absence of different iron species and also investigated the effect of organic compounds
on the availability and uptake of iron by the microalgae.

4.1 Appearance of Chlorella vulgaris cultures

A green ring of aggregated microalgae was noticed in flasks cultures containing cultures
of C. vulgaris (except for flasks that contained negative control cultures). This ring
remained even after rigorous shaking of the flask. The aggregated algae could gently be
scraped off by using an inoculation loop prior to each sampling.

These cell aggregates, however, might have influenced the cell counting. This has been
partially addressed by parallel measurements of OD where the absorbance is measured
regardless of whether the culture exists as single cells or clusters. It should be noted that
in the case of aggregate formation, the aggregates will precipitate to the bottom of the
OD cuvette, and this can provide inaccurate results about the density as well since one
of the assumptions when measuring OD is that the particles are suspended in the
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solution®*. This can be mitigated by starting the measuring as quickly as possible after
transferring the solution into the cuvette.

However, the concern remained that aggregating in a form of a ring prevented the
adsorbed cells from having the same access to light as the cells that float freely in the
solution have™. It remains unclear why this ring was observed in some flasks but not in
others. It should be mentioned that it has been reported previously that this might happen
in cultures where iron is a limiting growth factor>.

Aggregates of microalgae cells can occur due to changes in the surface charge.
Generally, the cells are charged and repel each other but when the charge decreases it
can promote aggregation. This can happen for example when negatively charged
particles are in the presence of positively charged ions, such as Ca®’, as was shown
before®2. It was decided to try different washing methods (acid bath and washing with
MQ prior to use) to see whether an alternative method can prevent this phenomenon. A
statistical analysis (o= 0.05) has shown that there was no significant difference between
the three methods in terms of cell growth. As can be seen in the pictures in Section 3.1,
the ring formed on the walls of all flasks.

Zeta potential measurement was also done on microalgae cells to empirically determine
their surface charge in our solutions, as detailed in Section 4.4 below.

4.2 Growth rates and overall health of Chlorella vulgaris cultures containing
various types of iron and organic agents.

Growth of microalgae can generally be divided into stages — lag phase, exponential
phase, linear phase, stationary phase, and death phase by plotting cell count numbers or
OD against time (Figure A4.1). The experiments were carried for 9-10 days to account
for measurements to be performed during the lag, exponential and stationary phases for
proper assessment of the growth rate.

The growth curve of C. vulgaris have been evaluated in three cultures in order to test the
bioavailability of ferrihydrite in comparison to other types of iron and in the presence of
different organic agents. In nature (e.g. the oceans) iron is a limiting growth factor,
however, it has also been shown before that while iron is crucial for promoting and
sustaining growth, concentrations that exceed 40 mg L™ (equals to 716 pM of iron) can
hinder growth*?. In all growth experiments in this project, the concentration was about
one order of magnitude lower (23 uM).

The general appearance of all cultures shared a distinct green color by the end of each
experiment. Some cultures were sampled for observation under a microscope and did
not show visual signs of bacterial contamination.

Comparing growth of C. vulgaris in the presence of ferrihydrite to hematite or FeCly,
the positive control and the culture containing FeCl, showed highest final cell numbers
(~45x10° cells mL! and ~35x10° cells mL"!, respectively) and highest growth rates
(0.386 day! and 0.363 day’!, respectively). These growth rates are similar to previously
measured growth rates during C. vulgaris incubation 28,° (between 0.3 and 0.4 day™).
Analysis of variance (ANOVA) indicated significant variation between the growth of
different cultures (p = 2.5x107®). A post hoc Tukey’s test on individual pairs showed
there is a significant variation between all pairs, except for comparing growth between
the negative control culture and the culture that contained hematite. growth in the
presence of ferrihydrite and growth in the presence of ammonium ferric citrate green,
FeCl, or hematite, as well as between the positive and negative controls.
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The second-best growth rate has been measured in the culture containing FeCl, despite
the concentration of FeClz being three orders of magnitude lower than the concentration
of the other types of iron and the absence of organic agents in cultures containing FeCl,.

This observation coincides with our expectations and can be explained by both
ammonium ferric citrate green (iron component in the positive control) and FeCl> being
highly soluble salts****, which dissociate almost completely and very quickly. Both
ferrihydrite and hematite are mostly insoluble iron oxides, which makes them less
bioavailable to microalgae, in comparison with the highly soluble iron salts mentioned
above. Several processes need to happen in order for the microalgae to be able to adsorb
the iron (and afterwards to absorb it), which are described in detail below. Qualitatively,
this experiment showed that the concentration of dissolved ferric ions in the ferrihydrite
and hematite solutions was most likely lower than 0.015 pM (since that was the
concentration of FeCly).

Measurements of pH in the same experiment verified that on day 0, the pH values of all
cultures ranged between 7 and 8. The pH of BG11 growth medium is set to be 7.1,
therefore at culture start the low number of cells will drastically affect the pH. Part of
the photosynthesis process is the uptake of dissolved CO; by the microalgae, which
increases the pH of the surrounding solution®. It has also been shown that the uptake of
H* by microalgae contributes to increase of the pH to more alkaline®.

The growth of C. vulgaris cultures in the presence of ferrihydrite was compared between
different types of organic ligands. All cultures contained ~1x10% cells mL™! on day 0.
Two cultures showed the most prominent growth — the one grown in the presence of
ferrihydrite and LHA (final count of 13.72 £ 0.20 x10° cells mL™! and a growth rate of
0.341 day™") and the culture that contained ferrihydrite without added organic agents
(final count of 9.45 + 6.36 x10° cells mL™! and growth rate of 0.256 day!). ANOVA
statistics performed on the cell measurement results revealed that there is a significant
difference between the growth of these cultures (p = 0.03). A post hoc Tukey’s test on
individual pairs showed there was no significant variation between growth in the
presence of LHA, compared to growth in the presence of citric acid and EDTA,
compared to growth in the absence of organic agents. There was also no significant
variation between the positive and negative controls. The only significant variation was
found between the growth of the culture that contained ferrihydrite and LHA and the
culture that contained the negative control (Qo.o5 = 4.748, Qcalc = 5.126)

Qcac or HSD (honestly significant difference) is a value calculated using Equation 4.
Qcrit 1s the value for a specific confidence level a taken from a studentized range
distribution table.

|Mi_Mj|

Qcalc = HSD = SE

(Equation 4)
Where M; and M; are means of the compared pair and SE is the standard error of the
sum of means.

The high growth rate of microalgae cells in the presence of ferrihydrite and LHA can be
explained by the role of LHA, which serves as both an organic chelating agent for
ferrihydrite and as an additional source of nutrients for the microalgae, including iron,
as will be explained in detail below.
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However, the high growth rate of the culture that contained ferrihydrite without organic
agents contradicted our expectations, namely higher bioavailability in the presence of
organic agents. We expected other cultures to grow faster, such as the culture that
contained ferrihydrite and additionally CA and EDTA or the positive control, which
contained a highly soluble source of iron in the same concentration as the ferrihydrite.
Organic molecules are likely to increase the dissolution of iron as they weaken the bond
between Fe and O. However, it has been shown that they can also inhibit it by adsorbing
to the surface of the iron oxide particle and thus preventing protons or electrons from
adsorbing’.

It is unclear why an iron oxide without chelating agents promoted growth so well. It
should also be mentioned that the SE of the set of triplicate data measuring the growth
in the presence of ferrihydrite is quite large compared to the mean value. This describes
a large variance between the results, the mean result therefore does not represent the
individual measurements.

The slow growth of microalgae in the presence of ferrihydrite, CA and EDTA can be
explained by the observation that under acidic pH a stable complex is formed between
EDTA and iron atoms on the surface of the iron oxide particle, which might delay the
uptake of iron. However, at basic pH (which was observed in our experiments) the
stability of the complex is lower, facilitating the uptake®. The pH in our experiments
obviously could not account for alleged lower bioavailability of ferrihydrite.

On day 0 the culture that contained ferrihydrite and LHA had a very high pH of 9.46,
compared to the other cultures with pH values between 6.98 - 7.08. This can be explained
by the presence of LHA in solution — the surface of LHA particles is covered with
negatively charged functional groups such as carboxyl and phenolic OH. Upon addition
to a solution, the negatively charged groups bind protons from the solution, thus
increasing the solution’s pH*®. The culture with containing ferrihydrite and LHA showed
a pH decrease on day 1 to 7.24, which can be explained by the humic acid releasing
protons into the solution. The gradual increase in pH in all cultures starting from day 1
can be explained by the uptake of CO; and H" during photosynthesis as mentioned
above.

Quantum yield measurements calculate the ratio between the variable fluorescence (Fv)
and maximal fluorescence (Fm) of Photosystem II in dark-adapted photosynthetic
samples. Light energy absorbed by chlorophyll molecules in photosynthetic organisms
can undergo one of three fates: it can be used to drive photosynthesis (photochemistry),
excess energy can be dissipated as heat, or it can be re-emitted as light (chlorophyll
fluorescence). Quantum Yield of Photosystem II describes the ratio of fluorescence in
dark adapted samples, when all photosystems are “open” and ready to work (Fv) and the
maximal fluorescence (FM) in strong light, when all photosystems are “closed”. In that
case the light cannot be used in photochemistry, but instead is released as fluorescence.
QY measurements of these cultures at day 0 gave values of 0.60 - 0.62 indicating lower
efficiency of PSII at the beginning of the experiment (as mentioned in Section 2.5, QY
values of 0.7 — 0.8 have been previously reported for healthy microalgae cultures). Low
values mean the photosynthesis process being less efficient*’, algae cells in the lag phase
are still adapting to the new environment and not performing efficient photosynthesis.
Increased values are observed for all cultures on days 3 and 5, indicating that the cells
have adapted and perform efficient photosynthesis, which in turn positively affects cell
growth. The values remain in the range of 0.75-0.77 for all cultures except for the
negative control, which points towards a less functional photosynthesis process. This
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can be explained by the lack of iron in the negative control, as it is crucial to the
photosynthesis process, for example as a component of iron-sulfur centers in PSI*S.

The third experimental setup was designed to test how LHA can affect growth of
microalgae in the presence of different species of iron. The experiment began with
similar cell counts in all cultures (~1x10° cells mL'). After 10 days there was a
noticeable difference between the number of cells in cultures that contained LHA and
cultures that didn’t (in the presence of LHA contained cultures at day 10 more than ~6
x10° cells mL! while the positive and negative controls only contained 3.19 + 0.80 x10°
cells mL™! and 1.41 + 0.19 x10° cells mL"!, respectively). ANOVA revealed the
difference to be significant (p = 2.64 x 1077). A post hoc Tukey’s test on individual pairs
showed significant variation between the pairs mentioned in Table A4.2, (Qcalc is higher
than Qcrit).

These results support our hypothesis that LHA adds extra nutrients to the culture. LHA
belongs to the group of humic acids and binds different elements which sustain
microalgal growth, such as iron, P and S°°. In this way it has growth-promoting or
inhibiting functions, depending on their concentrations*. Therefore, it is not surprising
that all cultures containing LHA outperformed the negative control and that cultures
containing ferrihydrite and LHA outperformed the positive control significantly. In
comparison with positive control, it is difficult to assess the influence of ferrihydrite vs.
LHA in enhancing growth. The exponential growth rate in the presence of 23 uM of
ferrihydrite (0.251 day!) was lower than the growth rate in the presence of 0.15 nM of
ferrihydrite (0.267 day™!), however the difference in growth between the two cultures
was not significant based on Tukey’s test.

The pH in the cultures of this experiment at day 0 was higher in cultures that contained
LHA (between pH 8.65 - 9.13) than in the positive or negative controls (pH 7.35 and
7.12, respectively). At day 1 the pH values decreased in all cultures containing LHA,
but from this day onward steadily increased in all these cultures. This observation
attributed to the higher growth rates as discussed before, photosynthesis increased the
pH values in the solutions and higher cell numbers absorbed more CO; from the solution.

All cultures started with QY values around 0.6, but as the experiment progressed the QY
values increased gradually. However, this increase was less prominent for the negative
control (from 0.60 to 0.66), which supports its lower growth compared to cultures that
were grown in the presence of iron (their QY values ranged between 0.75 - 0.77). The
difference in QY values measured in the negative control and in the cultures grown in
the presence of LHA, including the positive control, was significant. The difference in
all other measurements was not significant between cultures grown in the presence of
different types of iron to cultures with ferrihydrite. We therefore can conclude that the
addition of LHA did not have a significant effect on the functionality of the
photosynthetic complex in C. vulgaris cells.

When discussing the bioavailability of iron species and their effect on microalgal
growth, we should address both the solubility of the iron species, which is affected by
the pH of the solution, as well as the rate at which they dissolve. Each species has a
unique Ksp (solubility product) affected by pH and the size of the particles. The
solubility product also depends on presence of other ions in the solution, since the
solubility will be reduced by ions of the same species and increased by ions of other
species’.
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Ferrihydrite and hematite are ferric oxides, they therefore are characterized by low
solubility’. The rate of their dissolution is affected, among other factors, by the surface
area, which is a function of particle size. The log Ksp of ferrihydrite was previously
calculated as 3.54° and for hematite it was calculated to be 0.09 (the lower the Ksp value,
the less soluble the compound is). A low Ksp also indicates low bioavailability of iron
for C. vulgaris. Some of the iron (depending on solubility mentioned above) in iron
oxide particles can dissolve into aqueous solution as a result of protonation or reduction,
or a combination of both. In the process of protonation, first a proton is adsorbed to the
iron oxide particle. The adsorption weakens the bond between Fe and O until it breaks,
Fe’" is detached and can be taken up by microalgae. Adsorption and therefore surface
area of the sorbate are important in the process. In the case of dissolution of iron as a
result of reduction, an electron transfer to the iron oxide will result in reduction of ferric
iron to ferrous iron. This leads to Fe?* to be released into solution, available for uptake
by microalgae. Reduction can also occur in microalgae as a result of ferrireductase
activity on the surface of the cells or by photoreduction®'.

Growth experiments with Pyramimonas sp. and G. theta were not successful. The
number of cells for the former decreased 10 times over the course of 10 days, while the
number of cells in the latter was not counted on day 10 since the culture appeared to be
dead. Both algal species are more sensitive and less robust than C. vulgaris. Instead of
growing the G. theta culture directly at 4°C, the cells most likely first should have
adapted to the cold temperature. It would have been better to ease the transfer from 20
to 4°C by lowering the temperature stepwise. Pyramimonas sp. is grown at 4°C in the
NORCCA culture collection, so instead of temperature the transfer from Norway to our
laboratory (the cells were in a box for about a week before they were transferred to fresh
medium) did cause stress that prevented the culture from thriving.

4.3 Iron content in microalgae cultures and LHA

As described in Section 2.7, prior to ICP-OES analysis the samples were filtered and
then acidified using HNO; to prevent precipitation of iron oxides. The order of those
steps has been examined by comparing concentrations of iron in solutions that were first
acidified and then filtered, as opposed to solutions that were first filtered and then
acidified (results in Table A2.1). A t-test (significance a = 0.05) showed there was no
significant difference between the two methods.

The ICP-OES analysis was performed on samples taken at day 0 and day 5 of C. vulgaris
cultures grown in the presence of iron and organic agents (Section 3.2, Figure 3). In
most samples the iron concentrations were found to be below the detection limit. Only
cultures growing on 0.15 nM of ferrihydrite or 23 pM hematite (at day 0) were calculated
to contain 1.13 £ 0.11 uM and 1.18 £ 1.03 uM iron on day 5, respectively. The positive
control triplicates were calculated to contain 19.53 £ 0.15 uM on day 0 and 0.07 = 0.06
uM on day 5. However, the measurements performed on cultures grown in the presence
of hematite showed large variations in the triplicate measurements. Due to the low
number of measurements, it is not possible to exclude possible outliers, these results will
therefore not be taken into consideration when discussing the iron content. As expected,
the iron concentration in the negative control was below detection, no iron was added to
these cultures.

Most noticeable was the difference in iron concentration between the positive control
and the cultures containing LHA. It might be explained with the affinity of iron oxides>*
to humic acids such as LHA, which occurs very fast in the solution. A recent study has
shown that in solution about 95% of iron is bound to humic acid within 24 hours*’.
Further it was suggested that the binding between humic substances and iron happens
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immediately®®. Alternatively, the iron might have been adsorbed rapidly to the outer
walls of the microalgae cells. A high affinity between C. vulgaris and iron oxide
nanoparticles has been reported previously. By the time the samples were prepared for
measurement, about 6 hours after the iron was added to the microalgae solutions, the
iron was already adsorbed on the cell walls and thus undetectable by ICP-OES since
microalgae cells cannot pass through 0.22 pum filter and thus are excluded from the
filtered liquid.

As mentioned in Section 4.1, LHA is known to contain nutrients such as iron. We wanted
to quantify the content of iron in our LHA standard and to explore whether this amount
would be a significant addition to the iron provided to the microalgae. When preparing
samples for ICP-OES, internal standards, such as yttrium or scandium®’ are used. In our
experiments the intensity of argon gas served as an internal standard since it was present
in the plasma in the same amount during sample analysis. Iron was extracted from LHA
using two different concentrations of HCI, a control using MQ water for extraction was
analyzed as well by ICP-OES. Each method of extraction resulted in a filtered solution
that was diluted three times, for three different measurements. Since we did not know
the concentration of iron in the samples at least one sample would fall within the limits
of the calibration curve. Each dilution was measured using one biological replicate.

Unfortunately, the variation between the measurements was high. The results of 1 M
HCI extraction showed the mean concentration of extracted iron to be 1.89 + 0.40 mM.
In the measurements using water or 12 M HCI for extraction the dilutions differed from
each other by one order of magnitude but should be similar since we multiplied the
resulting intensity by the dilution factor. This might be explained by a mistake made
while diluting the original filtered solution by factors of 10, 100 and 1000. Alternatively,
the calibration curve might be misleading. Both calibration curves (Section 3.1) have a
very good linear relationship between the concertation of the standards and their
measured intensity (R?> = 0.9997 and R? = 0.99999). However, “perfect calibration
curves” are usually measured over a wide range of concentrations. When fitting them
into a linear plot, standards with higher concentration are taken more into account than
the standards with the smallest concentration. This can have an impact on the accuracy
of measurements of samples with lower concentration®®. In this case however, the same
effect should have been observed on the results using 1 M HCI for extraction.

Concerning the method chosen to extract iron from LHA, we need to consider the
mechanism behind acid digestion or extraction of metals from organic samples. Metals
such as iron tend to be part of the sample matrix in the form of insoluble iron oxides.
Therefore, it is necessary to use an oxidizing agent to break the bonds between the iron
and oxygen atoms and release the iron as ferrous or ferric ions into the solution. Such a
release is visible as orange-red color in the solution (as seen in Section 3.2). HCl is
considered to be a mild oxidizing agent, compared to others, such as HNOs. Therefore,
if an accurate quantification of total iron content in a sample is necessary, e.g. several
steps using aqua regia (concentrated HNO3z and HCI in a 3:1 ratio) combined with an
additional heating step. The HNOs dissolves the organic matrix, while HCl releases the
iron ions into the solution. However, using HCI has the advantage of adding CI" to the
solution, which can form a complex with Fe and facilitate the release of iron into the
solution’.

To measure the iron content in LHA, an extraction was performed using only one strong
acid at room temperature. We expected the iron concentration to be higher in both HCI
extractions, compared to water. Since results from extractions using MQ water and 12
M HCI were inconclusive, as explained above, they were not used to draw conclusions
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regarding iron content in LHA. If we consider only the extraction made with 1 M HCI,
the total iron content of LHA is close to 2 mM, which translates to 0.111 g L! of iron in
the LHA stock solution.

4.4 Characterization of ferrihydrite

XPS analysis was performed on two samples (Section 3.3). The first one contained
ferrihydrite in a microalgae solution and was analyzed because we wanted to know
whether it would be possible to detect ferrihydrite nanoparticles in an air-dried sample
of one of our C. vulgaris cultures. We were also interested to see whether we can detect
ferric or ferrous iron in the sample, since XPS allows for this kind of determination.

The resulting spectrum was analyzed by assigning peaks to specific elements and
orbitals. No peaks relating to Fe were observed, probably due to a very low concentration
of iron in the sample (the added amount on day 0 was 23 uM, the XPS sample was taken
on day 5 of the experiment). As shown in Section 4.2, ICP-OES analysis of iron content
in C. vulgaris culture after five days of incubation showed the sample contained 1.13 +
0.11 uM, meaning there was a relatively small amount of iron in the solution to be
detected. Carbon, oxygen and nitrogen as well as other expected elements were
identified by their peaks. However, it was surprising to find peaks that suggest the
presence of Si since no Si should be present in BG11 medium. This finding was
supported by previously reported experiments during which XRD and XRF analysis
done on leonardite revealed Si as a major element component™.

A second sample that was analyzed by FTIR was the LHA standard. We wanted to check
whether we can identify iron on the surface of LHA or close to it, since usually the
surface sensitivity XPS is reported to be 10 nm®’. Peaks that can be attributed to oxygen
and carbon were seen (as expected since this is organic matter) but no peaks of Fe were
identified. Therefore, it was decided to perform an extraction of iron from LHA, as
described in Section 4.2.

FTIR analysis was performed on FeCl, and ferrihydrite stock solutions, prior to the
beginning of growth experiments. When using ferrihydrite in experiments, one concern
can be the transformation of the less thermodynamically stable ferrihydrite into the more
stable hematite or goethite. This process can be delayed by the presence of phosphates,
silicates and organic compounds’. FTIR analysis of the ferrihydrite stock solution has
showed no peaks characteristic to hematite or goethite. In the case of FeCl> powder, it
was suspected it had a lot of exposure to air, which can cause oxidation of ferrous iron
into ferric iron. The analysis confirmed the powder contained only ferrous iron.

Samples from cultures containing ferrihydrite from one of the growth experiments were
analyzed as well. Since those samples contained microalgae, it proved to be difficult to
identify peaks related to ferrihydrite since those peaks are expected in a region where
we also expect to see peaks caused by presence of microalgae. Since microalgae were
present at a much higher concentration in the solution compared to ferrihydrite, the peaks
resulting from their presence were more dominant in the spectra. As described in
Section 3.3, samples from one of the growth experiments were submitted for FTIR
analysis as well. Several peaks that are expected to be found when analyzing C. vulgaris
were found on the spectra in ranges previously reported. An OH peak characteristic to
iron oxides was expected to be found ~3600 cm™', however that area coincides with a
wide peak that is attributed to water, which made it impossible to distinguish between
the two.

21



Characterizing the ferrihydrite we worked with also included a discussion regarding the
functional groups on its surface. This ties with the discussion above regarding the surface
functional groups on LHA and microalgae since the question of adsorption between all
three is at the core of this project. It has been previously shown that the surface groups
of ferrihydrite include OH and COOH groups, which are pH sensitive (will be protonated
at acidic pH). The majority of reaction sites consist of single coordinated -OH (O
connected to one Fe atom) and double-coordinated pu-OH (an oxo group in which O is
connected to two Fe atoms) groups®'. The density of the singly coordinated sites was
previously calculated to be 5.6 sites nm™ or 6.4 sites nm™, depending on the structure of
the nanoparticle®?. Previous studies have also shown that ferrihydrite nanoparticles have
a large surface area of about 600 m? g"! ©, which will promote adsorption, due to a large
number of adsorption sites.

The next step was to calculate the theoretical concentration of said adsorption sites (as
mentioned in Section 3.3), which resulted in 2.6 mM sites. It should be noted that in this
calculation, a lower surface area value has been used (200 m? g'!) since the higher values
are usually reported for freshly prepared ferrihydrite® whereas our stock can be
considered more aged as it was prepared about a year ago.

The calculated concentration of binding sites on the surface of ferrihydrite (2.6 mM)
was compared to the concentration of phosphate in our culture flasks (0.23 mM). Since
the former is one order of magnitude above the latter, we can assume that even in the
case of all phosphate anions were quickly adsorbed to the ferrihydrite surface, most of
the phosphate remained dissolved in the medium and was available to support growth
of microalgae, as we saw empirically in the experiments in this project.

We wanted to determine the surface charge of ferrihydrite particles since it is directly
correlated to their aggregation and their adsorption to microalgae. As has been
mentioned above, adsorption is the first step in a process of uptake by microalgae cells
which have a negative surface charge under biological pH conditions. The particle size
plays a role in uptake as well, since larger particles will have a slower diffusion rate and
thus be less bioavailable than relatively smaller particles. We know based on our
measurements using Multisizer (which in addition to cell count, also provides a report
regarding the size distribution of cells) that the size of C. vulgaris in our flasks was about
4-6 pm.

Zeta potential values were measured across a range of pH (6.0 - 9.0) to find the point of
zero charge (PZC). This is an important attribute of every particle in a solution since it
describes the surface charge of the particle, and more accurately the electrical potential
at the furthest point of the electrical double layer from the solid surface of the particle®
(the “slipping plane”). We wanted to find it for ferrihydrite to understand under what pH
range it is more likely to aggregate since aggregation of iron oxide particles can limit
their bioavailability. In other words, we wanted to see how the stability of the colloidal
ferrihydrite solution changes as a function of pH.

This PZC can be empirically found by exposing the particles in the solution to a range
of pH we are interested in (essentially, preforming a titration) and measure the zeta
potential at fixed intervals. The measured zeta potential value fluctuated as a function of
pH, as expected. In the case on a negatively charged particle with a negative value of
zeta potential, acidic pH means there are more protons in the solution which will cause
the particles to be surrounded by positively charged ions until the negatively charged
functional groups will be protonated and eventually neutral. This will reduce the
thickness of the electric double layer and the zeta potential will decrease as well (until
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reaching the PZC). Alkaline pH will increase the concentration of anions in the solution,
which will cause deprotonation of the functional groups and their increasing negativity
(correlated with increasing negative zeta potential) will cause the particles to repel each
other.

Another factor to consider when discussing surface charge is that high ionic strength
will be correlated with lower zeta potential, lower surface charge and higher tendency
to aggregate. This is according to the DLVO theory which describes the stability of
colloidal suspensions as being affected by two factors — the repulsion between particles
due to electrostatic interactions and attraction between particles due to Van der Waals
forces.

The empirical point of zero charge was found to be to be at pH 8.9, as expected based
on previous reported values®®. This means that at this pH the particles are expected to
aggregate. At lower pH ranges the particles are expected to be positively charged, as can
be seen in Section 3.3, where Zeta potential ~20 mV was measured in a solution with
pH 5.5. This measurement provided us with an assessment that in the range of pH of our
microalgae growth experiments, the surface charge of ferrihydrite is expected to be
positively charged, with a growing tendency to aggregate as the experiments approach
the last days during which the measured pH was around 9. It is important to remember
that the zeta potential is affected by ionic strength, which in the case of BG11 is around
20 mM at pH of around 7.

Particle size of ferrihydrite was measured over a range of pH 5.5 - 9. In this
measurement, we wanted to see what is the extent of aggregation that actually happens
in the solution as the pH increases. It is important to remember that the results reflect
the hydrodynamic diameter of the particles, which is the size of the particle in an aqueous
solution (and not when it is in the form of dry powder, for example).

The results of those measurements were not conclusive since the at pH 7 - 7.5 the
particles were measured at a wide range of sizes, from about 7 to 35 um. This goes
against expectations that at a certain pH the size measurements will be less dispersed
(such as in the case of pH 5.5). It is not just the large variation of size at pH 7 which is
unexpected. The measured hydrodynamic diameter, its lowest value being 1.85 um, is
three to four orders of magnitude above what we expect to see in ferrihydrite
nanoparticles which have previously been reported to measure 2 - 3 nm when freshly
prepared and can also reach 7 — 8 nm®. In the case of such large particles as measured
in our experiment, microalgae are very unlikely to be able to adsorb the ferrihydrite
particles since microalgae cells themselves measure a few microns in diameter.
However, we see in the growth measurement experiments that growth occurs in the
presence of ferrihydrite as the only source of iron, meaning these results probably do not
reflect the true size of the nanoparticles in our cultures.

In addition to the above, a measurement of hydrodynamic diameter of ferrihydrite was
done in a concentrated solution of ferrihydrite at pH 6, which resulted in a mean value
of 158 nm. This is still two orders of magnitude higher than expected. A separate
measurement of zeta potential of C. vulgaris cells in BG11 culture at pH 7.1 resulted in
electric potential of -28 mV, which empirically proves that our microalgae cells are
negatively charged. This value coincides with other reported measurements®’.

It should be taken into consideration that the ionic strength of the ferrihydrite solution
(6.72 mM at pH of ~7) was different than in the flasks, which can affect the stability of
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the nanoparticles. It has been previously calculated that the ionic strength of BG11 is
23.44 £ 0.30% mM when it is prepared at approximately 7.1 pH.

5. Conclusions and Outlook

The aim of this project was to investigate the bioavailability of ferrihydrite nanoparticles
to microalgae, specifically C. vulgaris and two other cold-adapted species, compared to
other forms of iron in the presence and absence of organic chelating agents. Several
experiments were planned in order to provide reliable data to achieve this aim and to
understand the microbiology and inorganic chemistry behind it. Our hypothesis stated
that when it comes to bioavailability, the less thermodynamically stable ferrihydrite will
have a clear advantage over the stable and less soluble hematite. It also defined our goal
to explore the uptake of iron not just by C. vulgaris, but also by species that were adapted
to cold conditions. Unfortunately, preliminary experiments using the cold-adapted
Pyramimonas sp. and G. theta were not successful and did not contribute to conclusions
regarding our hypothesis.

The results of our experiments support our hypothesis by showing ferrihydrite indeed
being more bioavailable than hematite. Growth rates of microalgae cultures in the
presence of different types of iron decreased in the following order — positive control >
culture with FeCl, > culture with ferrihydrite > negative control > culture with hematite.
These growth rates suggest that ferrihydrite was indeed significantly more bioavailable
than hematite, as a result of ferrihydrite’s higher solubility, compared to hematite. When
comparing solutions that contained ferrihydrite and different organic agents, no
significant differences were found between the growth rates, meaning that we cannot
draw conclusions regarding how different organic agents affect ferrihydrite’s
bioavailability.

Based on calculated growth rates, it can be concluded that the addition of LHA is indeed
a factor that dramatically improves growth. This can be attributed to LHA’s nutrient
content, specifically iron (as was measured in this project using ICP-OES). The only
significant difference in growth when comparing cultures that contained added iron, was
found between the positive control and the culture that contained ferrihydrite and LHA.
Unfortunately, there was no further insight regarding the role of ferrihydrite or LHA in
solutions that include both, since it is not clear how much each component contributed
to promoting the growth of the cells.

Results of ICP-OES measurements of iron concentration in solutions containing
microalgae and LHA have highlighted the rapid binding of iron, either to microalgae
cells or LHA, which seemingly occurred within several hours. It can be beneficial to
further explore the relationship between humic acids, iron oxides and microalgae
perhaps to combine the metal removing abilities of both microalgae and humic acids for
a more effective process of cleaning wastewater.

Measurements of electrical potential on the surface of ferrihydrite particles has showed
that in pH range of 7-9 ferrihydrite particles were positively charged, while microalgae
cells have a negative surface charge. This further contributes to conclusion that
adsorption was driven by electrostatic attraction forces and that it is pH-dependent.

Several aspects still remain unclear, such as whether we can attribute LHA’s growth
promoting abilities to the additional iron content it provided to the microalgae or to other
nutrients present in humic acids. Another aspect that was not covered in this project
relates to the implications of iron bioavailability when it comes to cold-adapted species
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of microalgae. Additional research in this area can contribute to our understanding of
iron uptake by microalgae in the Arctic and how it can be affected by environmental
changes, such as climate change and polar ocean acidification.

In a broader context, as mentioned in the introduction, this project is a very small part
of an enormous global group effort by hundreds of scientific lab groups to reach a better
understanding how to create the optimal conditions for microalgae to thrive. The results
here can serve as another point of data that might help future research groups, since some
of the results have a direct connection to practical applications of the affinity between
microalgae and metals (such as remediation of polluted water sources).
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Appendix

Appendix 1

Figure A1l.1 Appearance of a ring of aggregated cells on one of the flasks
during an experiment.
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Figure A1.2 Algal growth (ODesgo) of C. vulgaris in flasks that were washed using
different methods (DW = dishwasher, MQ = MilliQ water, A = acid)
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Figure A1.3 Appearance of aggregation on flasks that were washed using
a dishwasher only (A), dishwasher followed by MQ (B), or dishwasher
followed by acid bath and MQ (C).
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Figure A1.4. Exponential growth rates of C. vulgaris in the presence of different iron
species. Positive control (PC, 23 uM ammonium ferric citrate green + 3.12x10° M CA
+3.4x107 M EDTA), negative control (NC, iron-depleted), ferrihydrite (FH 23 uM),

FeCl> (0.015 uM) and hematite (Hem, 23 uM).
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Figure A1.5 pH values of C. vulgaris cultures grown in the presence or absence of

various iron species. Positive control (PC, 23 uM ammonium ferric citrate green +
3.12x10° M CA + 3.4x10”7 M EDTA), negative control (NC, iron-depleted), ferrihydrite

(FH 23 uM), FeCl; (0.015 uM) and hematite (Hem, 23 uM)
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Figure A1.6. Exponential growth rates of C. vulgaris in the presence of iron and organic
agents. Positive control (PC, 23 uM ammonium ferric citrate green + 3.12x10° M CA
+3.4x107M EDTA), negative control (NC, iron-depleted + 3.12x10° M CA + 3.4x10°
M EDTA), ferrihydrite in the absence of organic agents (FH, 23 uM), ferrihydrite in
the presence of citric acid and EDTA (FH 23 uM + 3.12x10° M CA + 3.4x107 M
EDTA) and ferrihydrite in the presence of LHA (FH 23 uM + 5% LHA).
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Figure A1.7 pH values of C. vulgaris cultures in the presence or absence of ferrihydrite

and varying components of organic agents. Positive control (PC, 23 uM ammonium
ferric citrate green + 3.12x10 M CA + 3.4x10”” M EDTA), negative control (NC, iron-
depleted + 3.12x10° M CA + 3.4x10”7 M EDTA), ferrihydrite in the absence of organic
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agents (FH, 23 uM), ferrihydrite in the presence of citric acid and EDTA (FH 23 uM +
3.12x10° M CA + 3.4x107 M EDTA), ferrihydrite in the presence of LHA (FH 23 uM
+ 5% LHA). Mean values [] SE (n = 3) are presented
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Figure A1.8 Quantum yield of C. vulgaris in the presence or absence of ferrihydrite and
varying components of organic agents. Positive control (PC, 23 uM ammonium ferric
citrate green + 3.12x10° M CA + 3.4x10”7 M EDTA), negative control (NC, iron-
depleted + 3.12x10° M CA + 3.4x10"7 M EDTA), ferrihydrite in the absence of organic
agents (FH, 23 uM), ferrihydrite in the presence of citric acid and EDTA (FH 23 uM +
3.12x10° M CA + 3.4x10”7 M EDTA), ferrihydrite in the presence of LHA (FH 23 uM
+ 5% LHA). Mean values [] SE (n = 3) are presented.
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Figure A1.9 Cell number in cultures of C. vulgaris containing LHA and varying species
and concentrations of iron. Positive control (PC 23 uM ammonium ferric citrate green
+3.12x10M CA + 3.4x10”7 M EDTA), negative control (NC, iron-depleted + 3.12x10-
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M CA +3.4x107 M EDTA), negative control containing LHA (NC + 5% LHA). Mean
values [ SE (n = 3) are presented.
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Figure A1.10 Cell number in cultures of C. vulgaris containing LHA and varying
species and concentrations of iron. Positive control (PC 23 uM ammonium ferric citrate
green + 3.12x10° M CA + 3.4x107 M EDTA), negative control (NC, iron-depleted +
3.12x10° M CA + 3.4x107 M EDTA), ferrihydrite (23 [ /M) with LHA (FH + 5% LHA)
and ferrihydrite (0.15 nM) with LHA (FH + LHA). Mean values [ SE (n = 3) are
presented.
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Figure A1.11 Cell number in cultures of C. vulgaris containing LHA and varying
species and concentrations of iron. Positive control (PC 23 uM ammonium ferric citrate
green + 3.12x10° M CA + 3.4x107 M EDTA), negative control (NC, iron-depleted +
3.12x10° M CA + 3.4x10”7 M EDTA) and hematite (23 [IM) with 5% LHA (Hem +
LHA). Mean values [] SE (n = 3) are presented.
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Figure A1.12 Exponential growth rates of C. vulgaris cultures containing LHA and
varying species and concentrations of iron. Positive control (PC, 23 [IM ammonium
ferric citrate green + 3.12x10° M CA + 3.4x10”7 M EDTA), negative control (NC, iron-
depleted + 3.12x10°° M CA + 3.4x10”7 M EDTA), negative control with LHA (NC + 5%
LHA), ferrihydrite with LHA (23 [IM FH + 5% LHA), ferrihydrite with LHA (0.15 nM
FH + 5% LHA), and hematite with LHA (23 [JM Hem + 5% LHA). Mean values (n =
3) are presented.
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Figure A1.13 pH measurements of C. vulgaris cultures containing LHA and varying
species and concentrations of iron. Positive control (PC, 23 ['M ammonium ferric citrate
green + 3.12x10°° M CA + 3.4x107 M EDTA), negative control (NC, iron-depleted),
negative control with LHA (NC + 5% LHA), ferrihydrite with LHA (23 (/M FH + 5%
LHA), ferrihydrite with LHA (0.15 nM FH + 5% LHA) and hematite with LHA (23 ['M
HEM + 5% LHA). Mean values (n = 3) are presented.
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Figure A1.14 Quantum yield of C. vulgaris cultures containing LHA and varying
species and concentrations of iron. Positive control (PC, 23 [ /M ammonium ferric citrate
green + 3.12x10° M CA + 3.4x107 M EDTA), negative control (NC, iron-depleted),
negative control with LHA (NC + 5% LHA), ferrihydrite with LHA (23 [/M FH + 5%
LHA), ferrihydrite with LHA (0.15 nM FH + 5% LHA), and hematite with LHA (23
/M HEM + 5% LHA). Mean values (n = 3) are presented.

Table A1.15. Cell count measurements for Pyramimonas sp. cultures grown at 4°C, in

two types of containers (CF = culture flask, EF = Erlenmeyer flask).

Day CF1 cell count | CF2 cell count EF1 cell count EF2 cell count
(x10% cells mL) | (x10° cells mL™") | (x10° cells mL) | (x10* cells
mL™)
313 286 176 192
10 40 79 55 78

Table A1.16. Cell count measurements for G. theta cultures under cold conditions, in

culture flasks (CF = culture flasks). The result is mean (n = 3) £+ SE.

Day Cell count (x10?
cells mL™)
457 £ 8.76
10 NA
Appendix 2

Table A2.1. Calculated and measured iron concentration in samples containing iron and
LHA. The results are presented as mean (n=3) [] SE.

Sample Calculated Method “A”: Filtering, | Method “B”:
content conc. ([IM) | then acidifying — conc. | Acidifying, then
(M) filtering — conc.
(UM)
FeCl; with 23 20.03 11 1.80 18.38 [1 0.21
LHA
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Ferrihydrite 23 1.68 [10.22

with LHA

1.54 1 0.06

Hematite 23 Below LOD

with LHA

Below LOD
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Figure A2.2. Calibration curve for ICP-OES using standards containing iron in known

concentrations.

Table A2.3. Iron concentrations at day 0 and day 5 in C. vulgaris cultures containing
LHA and varying species and concentrations of iron, measured by ICP-OES. Positive
control (PC, 23 uM ammonium ferric citrate green + 3.12x10°% M CA + 3.4x107 M
EDTA), negative control (NC, iron-depleted + 3.12x10° M CA + 3.4x107 M EDTA),
negative control containing LHA (NC + 5% LHA), ferrihydrite (23 [1M) with LHA (FH
+ 5% LHA), ferrihydrite (0.15 nM) with LHA (FH + 5% LHA), and hematite (23 [1M)

with 5% LHA (Hem + LHA). Mean values (n = 3) are presented.

Sample name | Iron type LHA added Calculated conc. | Calculated conc.
of iron on day 0 of iron on day 5
(LIM) (LIM)
Positive Ammonium | No 19.53 1 0.15 0.07 1 0.06
control ferric
citrate
green
Negative No added No Below LOD Below LOD
control iron
Negative No added Yes Below LOD Below LOD
control + iron
LHA
Fh (23 ['M Ferrihydrite | Yes Below LOD Below LOD
iron) + LHA
Fh (0.15nM | Ferrihydrite | Yes Below LOD 1.13 11 0.11
iron) + LHA
Hem (23 Hematite Yes Below LOD 1.18 [11.03
IM) + LHA
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Figure A2.4 Calibration curve for ICP-OES, using standards containing iron
in known concentrations.

Figure A2.5 LHA solution after 24 hours of extraction using 12 M HCI.

Table A2.6 Iron concentrations in solutions containing LHA post-extraction, measured
using ICP-OES at 238.204 nm wavelength.

Extraction method | Concentration of
/ dilution factor iron (uM)
IM HCl1/x10 1.563
IM HCI/ x100 1.780
IM HCI1/ x1,000 2.339
Water / x100 83
Water / x1,000 248
Water / x10,000 1.179
12M HC1/x100 21
12M HCl1/ x1,000 147
12M HCl1/ x10,000 1.868
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Appendix 3
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Figure A3.1 XPS analysis performed on a C. vulgaris culture grown for 10 days in the

presence of LHA and ferrihydrite.
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Figure A3.2 XPS analysis performed on a C. vulgaris culture grown for 10 days in the
presence of LHA and ferrihydrite (close up at binding energy values 0 - 500 mV).
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Figure A3.3 XPS analysis performed on a sample of LHA standard.
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Table A3.4 Binding energy values that correlate to specific elements and orbitals

(as presented in Figures A3.1-A3.3)

Binding energy | Species

range (eV)

64 Na 2s

89 Mg 2s

102 Si2p

164-165 S 2p

199-201 Cl 2p

228-231 Mo 3d (holder)
271 Cl 2s
282.31-285.04 Cls

301 Mg KLL
347-351 ,347 Ca2p+MgKLL
380 K 2s

398 N Is (NOs)
394-412 Mo 3p (holder)
493 Na KLL

531 Ols

707-720 Fe 2p

347-351 Ca2p

1072 Na 1s
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Figure A3.5. FTIR spectra of C. vulgaris cultures grown in the presence of ferrihydrite.
Spectral peaks characteristic for C. vulgaris®® and expected areas for iron oxide*® are

assigned.
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Figure A3.6 Zeta potential measurement of ferrihydrite nanoparticles at different pH

values. The PZC (point of zero charge) is marked by a red arrow.
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Figure A3.7 Particle size measurement of ferrihydrite nanoparticles at different pH

values.
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Appendix 4
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Figure A4.1 Growth plot of microalgae culture where cell count numbers are plotted
against incubation time (1 — lag phase, 2 — exponential phase, 3 — linear phase, 4 —

stationary phase, followed by the death phase which is not shown in the figure)

Table A4.2 Comparison between Qo.os and Qcac values that were calculated for the
purpose of performing Tukey’s test on the results of microalgae culture cell counts in
the presence and absence of LHA.

and LHA

First treatment Second treatment | Qo.o05 Qcale

Negative control Negative control + | 4.90 12.6
LHA

Negative control 23 [IM ferrihydrite | 4.90 8.80
and LHA

Negative control 23 UM hematite | 4.90 13.02
and LHA

Negative control 0.15 nM | 4.90 8.80
ferrihydrite  and
LHA

Positive control 23 [IM ferrihydrite | 4.90 5.15
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