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ABSTRACT

Complex metal oxide nanomaterials, like LiCoO, (LCO) nanosheets, are among the most
widespread classes of nanomaterials on the market. Their ubiquitous application in
battery storage technology drives their production to rates of environmental significance
without sufficient infrastructure for proper disposal/recycling, thus posing a risk to
ecosystem health and sustainability. This study assesses the general toxicological impacts

of LCO when exposed to Raphidocelis subcapitata; physiological endpoints relating to
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growth and energy production are considered. Algal growth inhibition was significantly
increased at concentrations as low as 0.1 pg-mL ™', while exhibiting an ECs of 0.057
ug-mL~". The average biovolume of cells were significantly enlarged at 0.01 pg-mL ™,
thus indicating increased instances of cell cycle arrest in LCO-treated cells. Additionally,
LCO-treated cells produced significantly less carbon biomass while significantly
overproducing neutral lipid content starting at 0.1 pg-mL ™", thus indicating interference
with CO, assimilation chemistry and/or carbon partitioning. However, the relative
abundance of chlorophyll was significantly increased, likely to maximize light harvesting
and compensate for photosynthetic interference. Cells that were treated with dissolved
Li"/Co*" ions did not significantly impact any of the endpoints tested, suggesting LCO
phytotoxicity is mainly induced through nano-specific mechanisms rather than ion-
specific. These results indicate that this type of nanomaterial can significantly impact the
way this algae proliferates, as well as the way it produces and stores its energy, even at
lower, sublethal, concentrations. Furthermore, impairments to crucial cellular pathways,
like carbon assimilation, could potentially cause implications at the ecosystem level.
Thus, in future work, it will be important to characterize the molecular mechanisms of

LCO at the nano-bio interface.

INTRODUCTION

As the field of nanotechnology continues to grow, and more consumer products start to
incorporate nanomaterials into their design, understanding the environmental impacts of
these nanomaterials is increasingly important. LiCoO, (LCO), for example, is a type of
complex metal oxide nanosheet used as a cathode material for lithium ion batteries (Lu et

al., 2014), which is found in many consumer electronics and high-end vehicles (Nitta,
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Wu, Lee, & Yushin, 2015). Increasing manufacturing rates, as well as a lack of
infrastructure and economic incentive for recycling/disposal (Murphy, 2017) (Hamers,
2020) make LCO an emerging contaminant of concern. Since LCO contains high valence
metals with unique catalytic properties, high reactivity, and known inherent toxicity, an

accidental exposure of this type of nanomaterial could lead to many adverse outcomes.

Recent studies have begun to evaluate the general toxicological impacts of LCO
exposure. For example, in D. magna, LCO has been found to reduce survival, rates of
reproduction, and induce a differential expression in stress related genes (Bozich, Hang,
Hamers, & Klaper, 2017); in RTgill-W1 cells, LCO has been seen to impact cell viability
and cause significant production of ROS (Melby et al., 2018); and in C. riparius, LCO
has been reported to cause delays in growth and development, as well as hinder the
process of heme synthesis (Niemuth et al., 2019). However, more interestingly, LCO has
also been reported to cause a number of molecular-level impacts. For example, in D.
magna, there have been reports of an overwhelming disruption to energy metabolism
related genes (Niemuth et al., 2021); in RTgill-W1 cells, there have been similar reports
of significant overrepresentation in energy metabolism related pathways (Mensch et al.,
2020); and in C. riparius, LCO has been reported to participate in redox reactions and
alter the redox state of and Fe-S proteins, which are important for electron transfer,
especially in energy metabolism related pathways (Niemuth et al., 2020). These findings
are interesting because, at the molecular level, all three of these organisms are showing
signs of impaired energy metabolism, and the significance of seeing this exact
impairment in multiple organisms suggests that disruptions to energy related pathways

may be a unifying molecular level impact of LCO across species. However, there are still
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many gaps in our knowledge as to the entirety of LCO’s environmental consequences.
Firstly, there has yet to be any data on the general toxicological impacts of algal species,
whose crucial role in sustaining ecosystem health includes driving nutrient cycles and
energy flow (Wang et al., 2019). Secondly, while we have some data to suggest that LCO
interferes with pathways like glycolysis and respiration in animal-type organisms, we
have no understanding as to how LCO may impact other pathways in primary producing-

type organisms that are also tied to environmental processes, like photosynthesis.

The assimilation of CO,, by primary producers, is necessary to support all life on Earth as
consumers in the environment rely on this net primary production of carbon biomass as a
source of chemical energy. More specifically, phytoplankton account for about half of the
total global primary productivity with marine phytoplankton fixing around 50000 Tg CO,
annually (Prasad et al., 2021), and freshwater phytoplankton fixing around an estimated
133 Tg CO, annually (Sayers et al., 2021). As such, a decrease in the efficiency of
phytoplankton primary productivity could consequentially alter ecosystem energy

budgets.

In this study, Raphidocelis subcapitata, a model algal bioindicator species (U.S.
Environmental Protection Agency, 2012), was exposed to LCO for 48 hours. Several
physiological endpoints were recorded in order to assess different aspects of cell fitness.
Given our current understanding of the toxicological and molecular level impacts of LCO
in other organisms, we hypothesize that LCO may negatively impact facets of algal

physiology related to growth and energy production.
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MATERIALS & METHODS

LCO Synthesis and Characterization.

Sheet-like nanoparticles of LixCoO, were synthesized using the techniques described in
(Laudadio, Bennett, Green, Mason, & Hamers, 2018), (Laudadio, Ilani-Kashkouli, Green,
Kabengi, & Hamers, 2019). Water with a resistivity 18.2 MQ-cm™ was used for each step
during the synthesis. A (Co(OH),) precursor was prepared using a precipitation reaction
between LiOH and Co(NOs3),-6H,0. A 1 M Co(NOs),-6H,O was added drop-by-drop to
a 0.1 M solution of LiOH. The precipitate was isolated and washed with 3 repeated
cycles of centrifugation for 5 min at 4696 g as to isolate a pellet of particles, that was
then resuspended in water. Next, the supernatant was removed after washing and the
solid product was dried in a vacuum oven at 30 °C overnight. The Co(OH), precursor
was then lithiated to form LixCoO, by adding 0.20 g Co(OH); particles to a molten salt
flux of 6:4 molar ratio of LiNO;:LiOH at 200 °C in a PTFE container equipped with
magnetic stirring in a silicone oil bath. The particles were then heated and stirred in this
molten salt flux for 30 min and the reaction was quenched with water. The precipitate
was isolated and washed by 3 repeated cycles of centrifugation for 5 min at 4696 g to
isolate a pellet of particles, which were then resuspended in water. Then the product was

isolated from the supernatant and dried in a vacuum oven at 30 °C overnight.

The particles, digested in aqua regia, were analyzed using inductively coupled plasma —
optical emission spectroscopy (ICP-OES) to yield a Li:Co ratio of 0.92:1. Surface area
measurements, determined by nitrogen physisorption, yielded a surface area value of 125
m’*-g "', Powder X-Ray Diffraction yielded patterns consistent with previously published

work which could be indexed to the R3m space group (found in supplementary
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information). Individual LCO particles were imaged and sized using a FEI Tecnai T12
transition electron microscope where only particles completely captured in the image
were measured. Thickness was measured of particles that appeared very dark as this
means they were viewed edge-on. Length of particles were measured if clearly defined
endpoints were visible and if it could reasonably be assumed that it was a single particle
as opposed to an aggregate. Dynamic light scattering (DLS) and zeta potential
measurements of LCO suspensions in algae media (found in supplementary
information) were obtained with a Zetasizer Nano ZS Size Analyzer from Malvern

Panalytical.
Algal Cell Culture.

A stock culture of R. subcapitata w, inoculated at 1x10° Cells'mL", was cultured in a
complete media comprised of Bold Modified Basal Medium (Sigma, B5282) and 18 MQ
water. Cells were illuminated with a full spectrum T8 light bulb at a continuous

timescale. The stock solution was aerated with an aquarium air pump.
Exposure Setup.

This exposure was done to assess the impacts of LCO on R. subcapitata after 48 hours of
exposure. Algae were exposed to one of four LCO concentrations or untreated control (0
pgrmL ™, 0.01 pg'mL™", 0.1 pg'mL™", 1 pg'mL™", & 10 pg-mL™" LCO), an ion control
that contained the concentration of lithium and cobalt ions that would be present in the
algae media containing 10 pg-mL™" of LCO after 48 hours, and a dark control that was
deprived of any light. In each treatment, done in quadruplicates, cells were seeded from

the stock culture, after cells were growing exponentially, at 7x10° cells'mL™" in T-25
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flasks. A stock suspension of LCO was constituted in the algal complete media at 100
ng-mL~". This suspension was sonicated for 25 minutes before the addition to respective
samples to break up any aggregated nanoparticles. Additionally, an ion solution made
from LiOH and CoCl, H,O, also constituted in complete media, was made at 10X the
concentration of ion dissolution of 10 pg'mL™"' of LCO after 48 hours. Dissolution of
these particles was previously assessed using ICP-MS, where Li" was found to have a
dissolution of 1024 pg-L™' and Co®" 239 pg'L™' (Niemuth et al, 2019). For each
treatment, complete media, LCO suspension, or 10X ion solution was added to 45 mL of
cell suspension at a final volume of 50 mL. The samples were placed under full spectrum
illumination at a photon flux of 70 pE-m > -s ', with the exception of the dark control
samples, which were deprived of any light. At the conclusion of the exposure, the algal
cells were spun down at 12000 x g for 7 minutes, and the media was aspirated. An
additional vacuum centrifugation step was done to remove all moisture from the algae

cell pellets that were used for elemental analysis.
Growth Inhibition.

Growth inhibition was measured as a first-line indicator of a toxicological response, as
well as to determine the sensitivity of the algal cells to LCO (OECD, 2011). Before
pelleting the algae samples, the cell concentration in each sample was determined by
using optical density (OD) with an Agilent BioTek Synergy H4 Hybrid Microplate
Reader at A=680 nm. An ODgg was used since this microalgae absorbs light best at this
wavelength. The absorptivity coefficient (found in supplementary information) was
determined by plotting known concentrations of algae, determined with hemocytometry,

against their respective absorbances. A 109 pL aliquot of each cell sample was placed in
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a well of a glass bottom 384 well plate (Cellvis, P384W-1.5H-N), which had a liquid
height of 1 cm. Control samples were blanked with a solution of algae media while
treated samples were blanked with an associated nanoparticle/ion control in order to
account for the amount of light absorbance/scattering caused by the presence of
LCO/ions in the medium. These nanoparticle/ion controls consisted of a suspension of
LCO/Li" & Co®" ions constituted in algae media that emulated the respective
concentration of LCO/ions present in each treatment. Cell concentration values at Ty and
Tss were used to calculate growth rates and growth inhibition per OECD guidelines

(OECD, 2011) as seen below, respectively:

where ;_; represents the is the average specific growth rate from time i to j, X; is the cell

concentration at time 1, and X; is the cell concentration at time j;

%I, = % X100 ..o, )

where %], represents the percent inhibition in average specific growth rate, y. is the
mean value for average specific growth rate () in the control group, and ur is the
average specific growth rate for the treatment replicate. An ECs value, based on the
growth inhibition data, was statistically determined with a three-parameter log-logistic

model using the drc package in R (Ritz & Strebig, 2016).
Biovolume.

Biovolume, which can be described as the volumetric space occupied by an algal cell, is a

morphological trait that was used as a simple measurement of phenotypic change to the
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cell. Alterations to the biovolume of microalgae can have an impact on its functional
properties like access to nutrients and light, velocity of sinking, and tolerance to grazing
(Borics et al., 2021), however, in the case of R. subcapitata, it can also be an indication
of disruption to cell cycle progression (Machado & Soares, 2020). Cell samples from
each treatment were imaged with an EVOS™ XL Core Imaging System, equipped with
an EVOS™ 40X LWD achromatic phase contrast objective. Cell images were processed
in Image] to estimate single cell dimensions using methods described by (Esra
Dékiimciioglu & Yilmaz, 2020). Biovolumes of individual algal cells were calculated as
described by (Machado & Soares, 2014) with the assumption that R. subcapitata is
generally shaped like a sickle-shaped cylinder (Sun & Liu, 2003) per the following

equation:

where V' represents the biovolume of the cell, [ is the length of the cell, and w is the
transapical width of the cell. At least 100 cells were analyzed from each independent
sample and were averaged, and then the average values for all independent samples were

averaged by treatment to obtain the average biovolume value.

Elemental Analysis.

Dried algae pellet samples were accurately weighed into small tin cups on a
microbalance. Sample filled tin cups were crushed into small spheres that could be
inserted into the EA’s auto sampler. Samples dropped, one at a time, from the rotating
auto sampler into the combustion column where they were converted into simple gases

(e.g. CO3, Hy, Ny). Unwanted materials such as halogens, sulfur, phosphorous, NOx, and
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excess oxygen from combustion were removed with Cu, CrOs;, CoO, Mg(CL),, and
NaOH reagents in the oxidation/reduction chamber. From there, elements were separated
by gas chromatography (GC) with a helium carrier gas before passing by a thermal

conductivity detector.

Post run analyses started by investigating the retention time (RT) of each sample. The RT
is the amount of time in decimal minutes between sample injection and chromatogram
peak. Because the EA uses GC, the RT is directly related to the molecular weight (MW)
of the simple gas, which in this case was used to estimate the amount of carbon present in

each algae sample. Acetanilide standards were used to construct a calibration curve.
Net production of Carbon Biomass.

The net production of carbon biomass was recorded as a measurement of net primary
productivity. The total amount of carbon in each sample was calculated using the carbon
peak areas measured by the EA and in reference to the acetanilide standard curve. Then
the amount of carbon per cell was calculated by dividing the amount carbon in the sample
by the number of cells from the pellets present in each respective sample. The net
production of carbon biomass produced per cell for each sample was then calculated

using the following equation:

NCP = (M“SSC—“””) — pessloarky (4)

#eellssample #cellspark

Where NCP represents net carbon biomass produced per cell, Mass Csgmpie is the mass
of carbon in any given sample, #cellsggmpie represents the number of cells in any given

sample determined through OD, Mass Cp,,, 1s the mass of carbon specifically in the
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dark controls, and #cellsp,, is the number of cells specifically in the dark controls. The
mass of carbon per cell for each sample was subtracted by the average mass of carbon per
cell from the dark controls, as they theoretically should not have produced any carbon
biomass without a light source, thus yielding a net production in carbon biomass per cell
value for each sample. NCP values were then further normalized to the average

biovolume in each sample as a means to correct for changes in cell size.
Neutral Lipid Content.

Neutral lipid content was measured as an additional stress response since these lipid
droplets tend to accumulate downstream of certain stressors and/or nutrient depravation
in microalgae and can be indicative of impairments to energy metabolism (Bellou &
Aggelis, 2012). To assay for neutral lipid content, cells were stained post exposure with
BODIPY™ 505/515, which selectively binds to neutral lipids. 1x10° cell aliquots were
obtained from each sample and transferred to sterile microcentrifuge tubes, where
additional algal complete media was added at a final volume of 1 mL. BODIPY™ was
then added to each sample at a final concentration of 5 uM, including a no-cell control
with only complete media, whereafter samples were incubated in darkness at room
temperature for 15 minutes. 100 mL aliquots were transferred to a glass bottom 384 well
plate (Cellvis, P384W-1.5H-N) and fluorescence measurements were then taken on an
Agilent BioTek Synergy H4 Hybrid Microplate Reader at an excitation and emission
wavelength of 470/20 nm and 540/20 nm, respectively. Relative lipid content was
calculated by taking the difference of the average no-cell control and respective sample

RFU values and then normalizing to the corrected non-treated cell control RFU values.
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Additionally, cells were also imaged with an EVOS™ M7000 Imaging System to

visualize the lipid droplets as a qualitative assessment of neutral lipid content.

Single-Cell Chlorophyll Fluorescence Microscopy.

100 pL aliquots from each sample were plated in to a well of a glass bottom 384 well
plate (Cellvis, P384W-1.5H-N) and spun gently at 600RPM for 1 minute to concentrate
cells at the bottom of the well. Cells were then dark adapted for 30 min before imaging
with an ImageXpress Micro XLS High-Content Screening System. For image acquisition,
cells were visualized using a Cy 5 filter (ex/em: 628/692), thereby exciting chlorophyll
molecules, and a 60X Plan Fluor 0.85 NA objective (Molecular Devices, 1-6300-0414);
16 sites per well were acquired. For representative cell figures, images were also acquired
with a 100X CFI L PLAN EPI CC 0.85 NA objective (Molecular Devices, 1-6300-0419)
for better resolution. After acquiring images, bioimage analysis was conducted with
CellProfiler [v4.2.1, (Stirling et al., 2021)] for segmenting images and measuring the
respective fluorescence intensities of individual cells. The average “mean cell intensity”
values from each treatment were used to represent the relative abundance of chlorophyll

content.

Enhanced Dark-Field Hyperspectral Imaging.

To confirm cellular uptake of LCO, algal samples were analyzed using the CytoViva
Enhanced Darkfield Hyperspectral System, which uses patented darkfield optics to
generate high contrast, high signal-to-noise ratio images. These images were scanned via
the CytoViva HSI system using a spectrograph that captures the entire field of view in

which each pixel of the image contains hyperspectral data from 400-1000nm. Samples
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were placed on a glass slide and imaged with a 100x oil immersion objective. A reference
spectral library for LCO was created by collecting spectral data from a suspension of
LCO and then searching algal samples that had been exposed to 1 pg-mL ™' LCO. The
spectral analysis was done using the ENVI software to identify the presence of LCO
particles associated with the algal cells, and the Spectral Angel Mapping algorithm was

used to show the presence of the particles.
Statistical Analysis.

Statistical analyses were performed using R Studio (R Core Team, 2019; RStudio Team,
2020). A Shapiro-Wilk test was performed to determine whether the respective data sets
were normally distributed, and a One-Way ANOV A with a Tukey post-hoc test was used
to compare the means of normally distributed data. A non-parametric Kruskal-Wallis test
with a Dunn’s post-hoc test was used to compare the means of non-normally distributed
data. In each case, a 95% confidence interval was used to determine significant
differences within a data set. Additionally, to compare growth inhibition results to

biovolume results, a Pearson coefficient was constructed using R Studio.

RESULTS

LCO Characterization.

LCO is a type of complex metal oxide nanomaterial with a sheet-like morphology
comprised of intercalating layers of lithium and cobalt oxide. TEM sizing of single LCO
particles suggests an average thickness and length of 5.54 + 2.01 nm and 39.63 + 17.35
nm, respectively (Figure 1). The zeta-potential values for LCO suspended in algal

complete media indicate that this nanomaterial is highly negatively charged at higher
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concentrations like 1 pgmL™' (—22.73 mV) and 10 pg'mL™" (-30.33 mV), while
becoming much less negatively charged at lower concentrations like 0.1 pg-mL ™" (-10.07
mV) and 0.01 pg'mL™' (-2.01 mV). These results suggest that there’s an increasing
degree of repulsion between LCO nanoparticles with increasing concentrations (Samimi,
Maghsoudnia, Eftekhari, & Dorkoosh, 2018), and since electrostatic repulsion is one of
the primary sources of nanomaterial stability in aqueous media, this would indicate that
LCO, in theory, is increasingly stable at higher concentrations when suspended in the
complete media and therefore less prone to forming aggregates at those concentrations
(Afshinnia et al., 2019). However, in practicality, this isn’t necessarily the case as visible
aggregates can be seen in treatments as low as 1 pg-mL™" post exposure, which indicates
a lack of stability. Furthermore, it’s worth noting that in other types of exposure media
like MHRW, LCO also tends to aggregate and settle as well, thus lacking stability in

suspension (Niemuth et al., 2019).
Growth Inhibition and Biovolume.

The level of growth inhibition experienced by LCO-treated cells increased in a dose
dependent manner, with significantly higher levels of growth inhibition in comparison to
the control at concentrations as low as 0.1 pg'mL '.(Figure 2a). This is a first-line
indicator that LCO induces a toxicological stress response on these algal cells that either
causes a decrease in cellular proliferation or an increase in cell death. Furthermore, based
on the growth inhibition data, the ECsy was calculated to be around 0.057 pg-mLfl. In the
control, cells had an average biovolume of about 22 um?, which is consistent with what’s
reported in the literature for normal biovolumes of this cell type (Machado & Soares,

2014). However, the average biovolume seems to also increase in a dose dependent
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manner with significant increases to cell size at concentrations as low as 0.01 pg-mL™'
(Figure 2b). These larger biovolumes, while only a direct measurement of cell
morphology, may indicate a more serious issue in terms of cell health. R. subcapitata
cells go through several stages of their cell cycle in which they increase in size, replicate
their nuclei, and release multiple, smaller, daughter cells (Figure 2c¢). An increase in the
average biovolume may indicate cell cycle interruption/arrest (Machado & Soares, 2020).
This is because, for this type of algae, cells that have lost the ability to proliferate, or
divide into multiple daughter cells, may still be able to increase in size and/or replicate
their nuclei (depending on the cell cycle stage of arrest) as if they were going to
proliferate, thus leading to an overall increased average biovolume observed in said
populations. When comparing growth inhibition to biovolume, there’s an extremely high
Pearson correlation between the level of growth inhibition experienced and the average
size of algal cells, thus perpetuating the idea that LCO may impact cell cycle progression
(Figure 2d). This makes sense as inhibitory effects on growth and cell cycle progression
would go hand-in-hand. Increased levels of growth inhibition could potentially also be
attributed to an increase in senescence, however, assays that directly measure cell death
would be needed to validate this prospect. Interestingly, no significant differences in
growth inhibition nor biovolume were observed in ion treated cells, this suggesting that
LCO induced phytotoxicity is initiated through nano-specific mechanisms, rather than
ion-specific mechanisms like in the bacterium, Shewanella oneidensis (Hang et al.,

2016).

Net Carbon Production.
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Unlike growth inhibition and biovolume, the net production of carbon biomass produced
per cell did not change with respect to concentration in a dose-dependent manner (Figure
3). Control cells obtained a net average production of 0.078 pg C-Cell'-um™ while LCO-
treated cells, in comparison, had only produced roughly 50% less across the board with
significant reductions at concentrations as low as 0.1 pg-mL™". These results suggest that
even at lower, sublethal, concentrations, LCO induces massive reductions to the net
production of carbon biomass in these cells. These reductions may result from an
increased inactivation of photosynthetic machinery, thus leading to an overall decrease in
CO; assimilation (Antal, Krendeleva, & Tyystjirvi, 2015); they may also result from an
increase in glycolytic activity which has been reported in several other organisms in
response to LCO exposure (Mensch et al., 2020), (Niemuth et al., 2020), (Niemuth et al.,
2021). Even more likely, however, may be a combination of both as an imbalance
between carbohydrate production and carbohydrate consumption. Either way, since entire
food webs are dependent on primary producing organisms to drive nutrient cycles and
energy flow in freshwater ecosystems (Wang et al., 2019), this is concerning as
widespread contamination of LCO could possibly mean largescale restructuring of

ecosystem dynamics and energy budgets.
Neutral Lipid Content.

Microalgae are known for their ability to produce large quantities of neutral lipids called
Triacylglycerol, or TAG, and its biosynthesis is largely thought to serve as an energy
store, much like starch (Johnson & Alric, 2013). Under optimal conditions, microalgae
don’t actually produce very much TAG as it’s a less preferred form of carbon storage

compared to starch, but when they’re subject to certain stressors and nutrient deprivation,
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it causes them to significantly increase their TAG content. Most notably,
Chlamydomonas reinhardtii has been shown to significantly increase TAG production in
response to nitrogen starvation (Harchouni, Field, & Menand, 2018). When exposed to
these stressors, there ends up being a shift in their metabolism that favors the production
and accumulation of TAG over starch, however, the reasoning behind this is not quite
clear (Battah, El-Ayoty, Abomohra, EI-Ghany, & Esmael, 2015). Although, since fatty
acids have a higher energy/mass ratio with a higher energy return upon fatty acid
oxidation (almost 6.7 ATP equivalents per C) compared to glucose oxidation (about 5.3
ATP equivalents per C), TAG accumulation may be more beneficial in times of energy
starvation/ATP deficiencies (Johnson & Alric, 2013). TAG accumulation is also
especially present in quiescent cells, which are cells that aren’t actively dividing, but their
photochemistry is still active to some extent (Ischebeck, Krawczyk, Mullen, Dyer, &

Chapman, 2020).

As displayed in Figure 4a, a representative fluorescence micrograph depicts a control
cell (top), containing a minimal amount TAG content, in comparison to an LCO-treated
cell (bottom, 1 pg'mL ") which has produced a seemingly larger amount of TAG. Further
validating this observation, the microplate assay results in Figure 4b roughly exhibit a
positive correlation between LCO concentration and relative neutral lipid content. A
significant peak production is seen at 1 pg-mL™" of LCO with over a 100% increase in
TAG content compared to the control. However, once again, no significant increase in
TAG production was observed in ion treated cells. These results suggest that LCO
exposure leads to a metabolic shift in these cells which favors the production and

accumulation of TAG over starch, and thus may be indicative of an interference to their
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energy and central carbon metabolism (Bellou & Aggelis, 2012). One factor leading to
this increase in TAG production may be due to the presence of Co>" in LCO. Other algal
species like Chlorella vulgaris, for example, have been reported to increase their
production of TAG when exposed to heavy metals like cobalt (Battah et al., 2015).
Although, in this case, this would only be true for Co®" in the nano form, as opposed to

the ionic from.
Single-Cell Chlorophyll Fluorescence Microscopy.

High-content fluorescence imaging was firstly used to visually inspect LCO-induced
changes to cell morphology. The morphology of LCO-treated cells (Figure 5c¢-d) appear
larger in size compared to the control cell (Figure 5a), aligning with results in Figure 2b.
LCO-treated cells also appear to have more of a “French croissant”-type shape (Figure
5d), similar to that of algae cells exposed to metolachlor, as described by Machado &
Soares, 2020. Other 2D nanomaterials, like graphene-oxide, have previously been
reported to elicit mechanical disturbances to the cell by damaging the membrane with
their sharp edges (Malina et al., 2019). However, when comparing the morphology of
LCO-treated cells to that of the Carfentrazone-treated cell (Figure Sb), used as a positive
control for membrane damage (Li et al., 2003), their morphologies appear quite different.
While the LCO-treated cells look larger and brighter compared to the control, they still
appear to uphold the structural integrity of their membrane. By contrast, the morphology
of the membrane damaged positive control appears to have lost its structural integrity
while displaying more of a “stringed pearls’-type shape. Furthermore, high-content
fluorescence imaging and bioimage analysis were also employed to quantify the emitted

fluorescence intensities of individual cells, which are proportional to the abundance of

This article is protected by copyright. All rights reserved.

10s//:sdny woiy papeojumo(] ‘el ‘g1987SS |

AU £9 L196701/2001°01/10p/w00 K1 ATeaqraus[uo o

U0ISIA JO ANSIO)

SIPEIA] - UIS

:sdyy) suONIpUO)) pue suLd I, 31 298 “[£70Z/#0/01] U0 Areiqry auruQ) A9JIp uo:

SO[AIME V() S9SN JO sa|NI 10§ AIRIqIT dUI[uQ) AJ[IA\ UO (SUOTIIPUOD-P

9SUSOIT suowwo)) dAnear)) d[qearjdde oy £q paurosos ore



chlorophyll within those cells. LCO-treated cells appear to have higher fluorescence
intensities, and thus increased chlorophyll content, relative to the control, with significant
increases at 0.1 & 1 pg'mL™' LCO (Figure 5e). This is contrary to other types of metal
oxide nanomaterials which have been reported to decrease chlorophyll content (Saxena &
Harish, 2018). However, in the event of photosynthetic inhibition, cells are likely to

produce more chlorophyll to maximize light harvesting (Vieira et al., 2017).

Enhanced Dark-Field Hyperspectral Imaging

Enhanced dark-field microscopy coupled with hyperspectral imaging was employed to
visualize the interactions of LCO particles with the algal cells. LCO deposits, visible as
white pockets of scattered light, can be seen internalized within the LCO-treated cells
(Figure 6f). These LCO deposits are only visible on the same Z-focal plane as the cells
(i.e., not above or below) and are not seen on their outer perimeter, thus suggesting that
LCO actually enters the cells rather than just adhering to the outer surface. No LCO
deposits were identified within the control cells (Figure 6¢). A spectral reference library
for LCO was constructed using a samples of LCO particles in algae media and samples of
LCO-treated algae (Figure 6a). The spectral angle mapping algorithm identified pixels,
mapped in red, that matched the LCO spectra, thus verifying the presence of LCO
deposits in the LCO-treated algal cells (Figure 6g). As expected, these spectra were not
identified in the control cells, and therefore no mappings were generated (Figure 6d).
The mechanism of internalization is unclear, however the vesicular shape of the tightly
packed LCO deposits (Figure 6f) may suggest uptake through endocytosis. Yan et al.,

2021 reported that the uptake of AIE functionalized Ag nanoparticles, with a similar zeta-
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potential and aggregational behavior to LCO, were mediated through clathrin-dependent

endocytosis.

DISCUSSION

To investigate the fitness of R. subcapitata in response to LCO, several endpoints tied to
growth and energy production were evaluated. Each of the parameters tested are
metabolically related to one another and can influence larger ecosystem outcomes. For
example, the amount of net carbon biomass produced by individual cells will determine
how much energy is available to sustain their routine cell maintenance. And should the
cells become energy deficient, they may not be able to sustain energy intensive processes
like cell division, thus causing them to enter a state of quiescence. Cells in this sort of
state could foster larger biovolumes as they would’ve lost the ability to proliferate, and to
accumulate neutral lipids like TAG due to a shift in their central carbon metabolism.
Ultimately, this would also lead to a decline in phytoplankton communities. And then
over time, with a reduction in the amount of carbon biomass being produced per cell, and
with diminished phytoplankton availability in general, this could significantly alter

ecosystem energy budgets.

In this experiment, as hypothesized, facets of algal physiology related to growth and
energy production were negatively impacted in response to LCO. Negative impacts to
growth were exhibited by a significant increase in growth inhibition and biovolume,
which indicates an increase in cell cycle disturbances. Negative impacts to energy
production were exhibited by a significant decrease in the net production of carbon
biomass, as well as a significant overproduction of TAG, which indicates interference

with CO; assimilation chemistry and/or carbon partitioning. Relative chlorophyll content,
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however, was significantly increased. While increased chlorophyll content could be
considered an enhancement to photosynthesis, as argued by Zhang et al., 2021, this may
be more indicative of a compensatory action to increase light harvesting in this case as
the amount of carbon biomass was still negatively impacted. Interestingly, though, cells
that were treated with dissolved Li"/Co®" ion controls did not significantly impact any of
the endpoints tested, which suggests that LCO phytotoxicity is mediated through nano-
specific mechanisms rather than ion-specific. The reason for this is unclear, especially
since engineered nanoparticles tend to behave unpredictably in complex biological
media. However, with its unique physiochemical properties and high surface area-to-
volume ratio, it’s possible that LCO could obtain certain surface modifications/protein
coronas in its nano form that make it interact more favorably with cells in comparison to

it’s ionic form (Dai et al., 2018).

These responses clearly demonstrate the adverse impacts of LCO on the physiology of R.
subcapitata and suggest a likely disruption of key metabolic processes relating to cell
growth and energy production/metabolism. One possible mechanism that may initiate the
observed toxicological responses is the likely ability of LCO to participate in redox
reactions, especially with iron containing proteins, as it was determined in C. riparius
(Niemuth et al., 2021). This could also be possible for algae as cellular uptake of LCO

nanoparticles was observed with enhanced dark-field hyperspectral imaging.

In study by Niemuth et al., 2019 found Chironomus riparius exposed to LCO had a
significantly decrease in the function of the iron-containing protein, hemoglobin. This
was supported both quantitatively from green absorbance and qualitatively from the loss

of their deep red color to a pale-yellow color (their natural red color is due to the
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presence of heme proteins). This is concerning as proteins with heme and iron-sulfur
centers are important for the transfer of electrons in many essential life processes like
respiration, and in the case of algae, photosynthesis as well (Atamna, Walter, & Ames,

2002).

One such protein with an iron-sulfur center involved in the process of photosynthesis is
Ferredoxin. In a study done by Isabel and Jos¢ Moura, they were able to use EPR to
prove that in the Ferredoxin II protein from Desulfovibrio gigas, cobalt was able to be
incorporated into the vacant site of the iron-sulfur cluster, thus reducing it to a CoFesS4
cluster (Moura, Moura, Miinck, Papaefthymiou, & LeGall, 1986). It’s possible that
similar phenomena could be happening with the cobalt from the LCO, in which case
causing a conformational change in those iron-sulfur proteins that change their overall
chemistry. This could be especially harmful to the function of the iron-sulfur proteins
involved in respiration and photosynthesis as they must remain in an oxidized state to be
able to accept and transfer electrons in their respective electron transport chains, which is
needed to produce ATP, as well as NADPH in photosynthesis. Since life is dependent on
the movement of electrons, a short in this biochemical circuit could reduce the efficiency
of the cell’s ability to carry out life processes like photosynthesis, which would help
explain the decreased net production of carbon biomass, as well as the increase in growth

inhibition for LCO-treated cells.

Heavy metal contaminants, in general, have been seen to inhibit primary productivity in
aquatic environments (Kaladharan et al. 1990). However, cobalt itself has been reported
to decrease the growth of green algae at concentrations as low as 0.6 pg-mL~' (H.Kim, J.;

J.Gibbs, H.; D.Howe, P.; Wood, 2006), (Horvati¢ et al. 2007), (El-Sheekh et al.2003).
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Additionally, cobalt has also been reported to decrease the amount of O, evolution in
green algae at certain concentrations, and has been seen to directly target PSII, meaning
that cobalt can and does interfere with electron transport and photosynthetic efficiency
(Horvati¢ et al., 2007), (El-Sheekh et al., 2003). This further supports the idea that the
cobalt from LCO could be an initiator for adverse outcomes observed in eukaryotic

organisms that have been exposed to this type of nanomaterial (Niemuth et al., 2019).

Other 2D-nanomaterials like graphene-oxide, have been reported to have different,
physical, mechanisms of toxicity relating to membrane damage, nutrient depletion, and
by covering the surface of, and therefore shading, the cell (Malina et al., 2019). In terms
of membrane damage and cell surface covering, these occurrences were proven to not be
the case for LCO through microscopic observation. Fluorescence imaging showed a
discrepancy between the morphology of LCO-treated cells and membrane damaged
positive control cells, thus suggesting that LCO does not cause membrane damage.
Additionally, enhanced dark-filed hyperspectral imaging revealed that while cells were
internalizing LCO nanoparticles, they were not simply adhering to/covering the surface
of the cell, thus indicating that light This makes sense as the surface charge of LCO and
cell membranes are electrostatically incompatible. For example, Kim et al., 2022 reported
with QCM-D that negativley charged nanodots do not interact/adhere to negatively
charged plant bio-surfaces due to electrostatic incompatibilities. But in terms of nutrient
depletion, LCO has been reported to adsorb nutrients like phosphate (Laudadio et al.,
2019), which could, in theory, partially explain some of the disturbances. However, in
cases of nutrient depletion, algae also typically undergo chlorosis as they are related to

one another (Yaakob et al., 2021). Not only was this not the case for LCO-treated cells,
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but the opposite trend was actually observed, thus suggesting that nutrient depletion is not

a major factor for LCO-induced toxicity in algae.

Overall, LCO significantly alters different aspects of R. subcapitata physiology even at
lower, sub lethal, concentrations, and therefore may also likely pose a risk to other types
of phytoplankton as well. Most concerning is LCO’s impact to algal growth and net
primary productivity, which could have several ecologically related implications.
Primarily, altering the efficiency of phytoplankton productivity could impact the
sustainability of freshwater ecosystems. Thus, widespread contamination of LCO to
freshwater ecosystems would likely limit the amount of nutrients and chemical energy
needed to support all life in those systems by decreasing the density of phytoplankton

communities and their associated productivity at the cellular level.

CONCLUSION

As engineered nanomaterials continue to grow in use and production, it will be important
to have a better understanding as to how they will interact with the environment and what
effects they’ll have on ecosystem health. Here we provide insight into the initial impacts
of LCO nanosheets on the microalgae, R. subcapitata. Physiological impacts observed in
this work indicate that LCO significantly alters the way this algae proliferates, and the
way it produces and stores its energy, thus leading to an overall decrease in the amount of
useful chemical energy it’s able to provide to aquatic food web networks. However,
additional efforts should be spent to assess the cellular and molecular mechanisms that

govern these physiological impacts.
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These impacts, while assessed at the cellular level, may have larger ecosystem level
implications as freshwater ecosystems are entirely reliant on the ability of primary
producing organisms like, like R. subcapitata, to drive nutrient cycles and energy flow.
Thus, in the future, it will be important for us to develop infrastructure for the proper and
sustainable storage or recycling of this type of engineered nanomaterial as a means to

prevent its widespread contamination.
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Figure 1 TEM image displaying different size distributions of LCO nanoparticles.
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Figure 2: (a.) Algal growth inhibition and (b.) average biovolume in response to varying
concentrations of LCO after 48 hours of exposure. Significant differences were determined using
a one-way ANOVA with a Tukey post-hoc for multiple comparisons; columns with different
letters differ significantly (p<0.05). Error bars represent SEM. (c.) Simplified diagram of
interrupted R. subcapitata cell cycle when exposed to LCO. (d.) Pearson coefficient correlation
between algal growth inhibition and average biovolume across four replicates.
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Figure 3: Net production of carbon biomass in response to varying concentrations of LCO after
48 hours of exposure. Significant differences were determined using a one-way ANOVA with a
Tukey post-hoc for multiple comparisons; columns with different letters differ significantly
(p<0.05). Error bars represent SEM.
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Figure 4: (a.) Representative fluorescence micrograph of a control cell (top) and an LCO-treated
cell (bottom, 1 pg-mL™"). (b.) Relative neutral lipid content in response to varying concentrations
of LCO after 48 hours of exposure. Significant differences were determined using a one-way
ANOVA with a Tukey post-hoc for multiple comparisons; columns with different letters differ
significantly (p<0.05). Error bars represent SEM.

This article is protected by copyright. All rights reserved.

:sdny) suonipuoy) pue sud I, oY) 33 "[£Z07/H0/01] U0 Areiqry aurfuQ) AS[IA\ ‘UOSIPRA - UISUOISIA JO ANSIOATUN AQ £]96°919/700 "0 1/10p/W0d"Kd[Im’ ATIQIUI[U0"0B)S//:sdNY woly papeojumo(] ‘el ‘81987SS T

23/W00" K[ 1mAreaqraur]

ASUSOIT SuoWWo)) dA1ear) d[qeatjdde oy Aq pauIdAOS oI SI[ONIE V() (2SN JO SI[NI 10] ATRIqIT QUI[UQ) AS[IA UO (SUONIPUOD-Pi



Relative Chlorophyll Content vs. [LCQO]
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Figure 5: Representative fluorescence micrograph of (a.) a control cell, (b.) a Carfentrazone-
treated cell used as a positive control for membrane damage, and an LCO-treated cell exposed to
(c.) 1 pg'mL™" LCO and (d.) 10 pg'mL ™" LCO. (e.) Relative chlorophyll content in response to
varying concentrations of LCO after 48 hours. Bars on boxplots represent treatment medians
while diamonds represent treatment averages. Significant differences were determined using a
one-way ANOVA with a Tukey post-hoc for multiple comparisons; columns with different letters
differ significantly (p<0.05).
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Figure 6: (a.) Reference LCO spectra library. Spectra generated by (b.) a control cell and (c.) an
internalized LCO-deposit from a cell exposed to 1 pg-mL ™" LCO. Representative darkfield
micrograph of (d.) a control cell and (e.) a cell exposed to 1 pg-mL ™" LCO; the red arrow points
to an internalized LCO deposit. Representation of the spectral angle mapping algorithm used to
identify pixels matching the LCO spectra library in (f.) a control cell and (f.) a cell exposed to 1
ug-mL™" LCO; pixels matching the LCO spectra library are mapped in red.
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