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Abstract

Surface charge is a key characteristic of nanoparticles which has great potential to impact the
interactions of nanoparticles and biological systems. Understanding the role charge plays in these
interactions is key to determining the ecological risks of nanoparticle exposure and informing
sustainable nanoparticle design. In this study, the model freshwater algae Raphidocelis
subcapitata was exposed to carbon dots (CDs) functionalized with polymers to have positive,
negative, or neutral surface charges to examine the impact of nanoparticle surface charge on
nano-algae interactions. Traditional toxicological endpoints of survival and growth inhibition
were measured. Additionally, morphological impacts on whole cells, individual organelles, and
cellular components were quantified using high-content fluorescence microscopy, demonstrating
one of the first uses of high-content imaging in microalgae. Results indicate that PEI
functionalized, positively charged CDs are most toxic to green algae (EC50 42.306 pg/L), but

that CDs with negative charge induce sublethal impacts on algae. PEI-CD toxicity is


https://doi.org/10.1039/d3en00353a

Wiyersity e Wiscansin- Madisonon 12/17/20237:19:36PM. w on 11 & W N —
WN=—=O0VvVoONOULIdWN=O0O

~

ceubey 202 X Dswnlgaded Ry
N = O VW0 NO WU,

Environmental Science: Nano

View Article Online
DOI: 10.1039/D3EN00353A

hypothesized to be related to electrostatic interactions between CDs and the algal cell wall,
which lead to significant cell aggregation. Interestingly, morphological data suggests that
exposure to both positively and negatively charged CDs leads to increased neutral lipid droplet
formation, a possible indicator of nutrient stress. Further investigation of the mechanisms
underlying impacts of nanoparticle surface charge on algae biology can lead to more sustainable

nanoparticle design and environmental protections.

Environmental Significance Statement

The advancement of nanotechnology has also led to growing concerns regarding the potential
environmental impacts of nanomaterials. This work elucidates the role that nanoparticle surface
chemistry plays in interactions with freshwater microalga, key organisms in ecosystem health
which are commonly used in ecotoxicological experiments. Our findings demonstrate that
positively charged particles are most toxic to microalgae, but that sublethal morphological
changes occur after exposure to non-toxic doses of nanoparticles. These findings can enable the
design of nanoparticles which are safer for aquatic life and inform proper protections to prevent

adverse ecological effects caused by algal nanoparticle exposure.

Introduction

The rapid development of engineered nanomaterials in recent years has generated excitement
surrounding their potential to revolutionize countless areas of society, from technology to
agriculture and medicine. However, this development has also led to growing concerns
surrounding the environmental impacts of nanoparticles (NPs) which have a high probability of

making their way into the environment. Despite this, much is still unknown about how
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nanomaterial properties impact organism health in the environment. Understanding the risk
nanomaterials pose to environmental health will require a better understanding of their adverse
effects, and the mechanisms by which they occur. This task is made difficult by the diversity of
NPs, which vary greatly in their composition and surface chemistry. Therefore, understanding
what properties make a nanoparticle toxic can be a useful approach in the field of

nanotoxicology.

One such property with particular importance to nanoparticle toxicity is surface charge, which
has been found to impact mechanisms of toxicity and rate of uptake.!> However, most cellular
studies investigating nanoparticle charge have involved mammalian cell cultures. In mammalian
cells, increased particle surface charge is associated with greater toxicity.>* Electrostatic
interactions likely play a role in this increased toxicity, with positively charged particles
interacting with negatively charged DNA and membranes.*? In environmental models, positively
charged NPs have similarly been found to be more toxic than those with negative or neutral
surface charge. In Daphnia magna, for example, gold NPs functionalized to have positive
surface charge were orders of magnitude more toxic than those with negative surface charge,
with exposure to 10 pg/ L positively charged NPs resulting in 40% mortality at 48 hours.® Less
studied is the impact of NP charge on cellular interactions with microalgae, primary producers in
aquatic ecosystems. Due to their cell walls, algae have different surface interactions with and
barriers to nanoparticle uptake than other eukaryotic cells. Previous work has shown that
nanoparticle charge can impact uptake and bioaccumulation of silver nanoparticles in the algae
Chlorella vulgaris, with a higher uptake rate constant observed for positively charged NPs

compared to negative.” Furthermore, adsorption measurements have shown that positive and
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neutral particles show stronger adsorption to the cell wall of Raphidocelis subcapitata, exhibiting
the importance of surface charge in nano-algae interactions.® Such adsorption could contribute to
a shading effect, reducing algal growth by inhibiting photosynthesis.” However, many questions
remain regarding the impact of charge on microalgal morphology and cellular components, and

the mechanisms through which nanoparticle charge impacts microalgae.

Fortunately, as nanotechnology develops, so do methods for understanding the impacts of
nanomaterials on biological organisms. One such method is high-content screening (HCS), also
known as high-content imaging (HCI), simply defined as the usage of automated imaging and
quantitative image analysis to investigate biological questions.!%!! These methods are gaining
popularity in the realm of toxicology, particularly in pharmaceuticals research, and have been
validated across diverse human-derived cell types.'>? However, high-content imaging has also
been applied in nanotoxicology—for example, in evaluating the impacts of transition metal oxide
nanoparticles to zebrafish.!3 In the field of algal toxicology, the analysis of morphological traits
through fluorescence and bright-field imaging is a well-established method which has been used
to evaluate cell size, lipid content, and cell division, among other features.'41¢ However,
traditional fluorescence imaging methods require time-consuming analysis and manual imaging,
introducing human error and limiting the number of cells which can be observed. High-content
imaging allows for the utilization of previously validated stains and fluorescent channels. Rather
than imaging occurring manually, though, it is automated, reducing human bias and increasing
throughput. This project is one of the first to utilize high-throughput fluorescence imaging to

evaluate the impacts of nanoparticles on microalgae. In this work, specific attention will be paid
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to previously validated morphological endpoints, including impacts on cell size, nucleation state,

and lipid droplet production.

In this study, the impact of NP charge on algae-nano interactions was investigated. Carbon dots
(CDs) were used as a model particle for this work due to their intrinsic fluorescent properties,
tunable surface chemistry, and emergent applications in nano-enabled agriculture.!”-'® CDs were
functionalized with polymers to vary their surface charge. Polyethylenimine (PEI) functionalized
CDs were created with positive surface charge. Carboxylated polyethylenimine (CP) and
polyvinylpyrrolidone (PVP) functionalized CDs were synthesized with negative surface charges.
A versatile carbon-based nanoparticle, CDs are known for their photoluminescence, and have
been studied for use in biomedicine and energy as well as for their optical properties.!®
Functionalization of carbon dots extends these applications further. As an example, PEI
functionalized CDs (with arginine-disulfide linkers) have proven effective in the delivery of
CRISPR/Cas9 components.?’ Carbon dots are also preferably used over other nanoparticles due
to their reported low toxicity.?!->* Although CD toxicity to algae has been observed, it is typically
at very high concentrations. An EC50 of 70 mg/L was observed after four days of CD exposure
in the algae Chlorella vulgaris.** Similarly, Yao et al reported a 96-hour EC50 of 74.8 mg/L in
the algae Scenedesmus obliquus.>> However, toxicity could vary depending on the diverse CD

functional and structural properties of CDs, including charge.

The freshwater algae Raphidocelis subcapitata was the microalgal species chosen as a model for
this study. R. subcapitata is popular in ecotoxicological bioassays due to its sensitivity to
contaminants and high growth rate and is recommended for such assays by the Organization for

Economic Cooperation and Development (OECD).2® R. subcapitata has been used both to study
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the toxicity of nanoparticles to the algae itself and to assess the risk of trophic transfer of

nanoparticles from R. subcapitata to zooplankton, such as Daphnia carinata.”’

This study aims to understand the impact of nanoparticle charge on nano-algae interactions. The
dose dependent toxicity of carbon dots and their impacts on algal morphology were investigated.
To accomplish this, we used traditional measures of toxicity as well as high-content imaging,
morphological profiling, and lipid production assays to investigate impacts of CD exposure on R.

subcapitata.

Experimental

Synthesis of the Core Carbon Dots

The carbon dots were prepared following previously reported protocols with modifications.?®
Briefly, 1.92 g of citric acid was dissolved into 2 mL of DI water by stirring in a ceramic mortar.
0.675 mL of ammonium hydroxide was added drop wise into the citric acid mixture twice. 2.40 g
of urea was added slowly into the reaction mixture and dissolved for 10 minutes. The reaction
mixture was then transferred to a preheated oven and kept at 180 °C for 90 minutes. The dried
mixture was allowed to return to room temperature, then gently crushed, and added to 40 mL of
DI water with stirring for 150 rpm. The solution was then moved to a conical tube and bath-
sonicated for 30 min by 37 Hz (60% power, Elmasonic P) to enhance the dispersion of
nanoparticles. The crude solution was centrifuged at 4,500 rpm (3,999 xg) for 30 min to remove
the large aggregates. After decanting the supernatant, approximately 7.5 mL of precipitates
remained. The supernatant was purified using a dialysis membrane (molecular weight cut off 3k,
Spectrum) to remove any unreacted precursors or small molecular residues. During the dialysis,

3 L of DI water was replaced every 12 hours, totaling three replacements. After dialysis, the core
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CDs were transferred into a conical tube and then bath sonicated for 30 minutes by 37 Hz (60%
power). The desired core CDs were obtained by filtration with a nanopore syringe filter (pore

size 20 nm, Whatman) then stored in a refrigerator until further modifications.

Functionalization of the Core Carbon Dots

Functionalization of core CDs was also conducted as previously reported by Kim et al.?® To
functionalize core CDs with PEI10k (PEI-CD), 16 mL of the core CD solution (5 mg/mL) was
suspended in a 20 mL glass vial and the pH adjusted to 12 with NaOH solution (6 M). This
solution was then added to 3.2 mL of PEI10k (0.1g/mL) while vigorously stirring, and
transferred to an oven (Isotherm, Fisher Scientific) set at 85 °C for 16 hours. To purify the
desired PEI-CD by extraction method, the mixture was cooled down to room temperature, then
transferred into a 500 mL of Erlenmeyer flask. While stirring the core CD, the same volume of
ethanol and chloroform were subsequently added. The mixture was vigorously mixed with a
Volex for 5 to 10 seconds and centrifuged at 4,500 rpm (3,999 xg) for 5 minutes. The organic
solvent upper layer was discarded, and the extraction step was repeated 5 times. After removing
the organic solvent layer, any remaining organic solvent residue was removed by air-blowing
overnight. The unreacted polymer was removed with 30k centrifugal filters 3 times. The PVP10k
functionalized CD (PVP-CD) was synthesized with the same method of PEI-CD synthesis, with
the replacement of ethanol with acetone. The carboxylic acid functionalized PEI-CD (CP-CD)
was prepared by modification of the PEI-CD surface with succinic anhydride. 1.5 g of succinic
anhydride was dissolved in 10 mL of DMF, and the succinic anhydride solution was rapidly
added to 30 mL of PEI-CD solution (1 mg/mL) in a 100 mL beaker. The reaction mixture was

stirred for 16 hours. The resulting mixture was purified by extraction method with ethanol and
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chloroform. The extraction and filtration methods were the same as the methods used for PEI-

CDs.

Particle Characterization

Carbon dots were characterized using dynamic light scattering (DLS) with a Zetasizer Nano
device (Malvern Panalytical, United Kingdom). Size and zeta potential measurements were
obtained in both 10 mM TES buffer with 0.1 mM NaCl and OECD algae media. Final particle
concentration was 1 mg/mL. For zeta potential, the Smoluchowcki model was used. HC1 was

used to adjust pH to 7.0.

Starter Culture and Strain

The freshwater algae Raphidocelis subcapitata (also known as Selenastrum capricornutum) was
obtained from the UTEX Culture Collection of Algae (UTEX 1648). Algae was cultured in

OECD media under continuous illumination in an incubator at 24°C. 400 mL OECD media were
inoculated weekly in a 1 L Erlenmeyer flask. These cultures were allowed to grow for three days

prior to use for inoculating exposure cultures.

Exposure Setup

Prior to exposure, concentration of algae in the starter culture was estimated using optical
density. A standard curve was prepared to find the absorption coefficient before beginning
exposure replicates. To do so, six samples of algae at random concentrations were prepared.
These were measured for absorbance at a wavelength of 680 nm in a 96-well plate, using an
Agilent BioTek Synergy H4 Hybrid Microplate Reader (Agilent Technologies, California, USA).

Absorbance was then graphed opposite cell/mL counts obtained using a hemacytometer. Using a
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linear line of best fit, the absorption constant was found to be 8x10-8. This constant was used to

estimate concentration, in cells/mL, of starter culture in a 96-well plate, using Beer’s Law,
A=¢€cl (1)

where A=absorbance of the sample, e=absorption constant, c=concentration, and 1=light path

length.

After estimation of starter culture concentration, algae were diluted in OECD media to yield a
final concentration of 5x10* cells/mL for exposure. Algae was then cultured at a total volume of
40 mL in 250 mL Erlenmeyer flasks, under the same conditions as the starter culture (24°C,
orbital shaker at 100 rpm, and continuous lighting) in the absence or presence of CDs. Each
replicate of exposures consisted of one control and three concentrations of each CD (10, 50, and
100 pg/L). Cell free controls of nanoparticles in OECD media were also prepared for each

treatment. Six replicates of each treatment were performed.
Growth Inhibition

Optical density of algal cells was measured every 24 hours by removing a 300 uL aliquot from
each exposure flask and measuring its absorbance at 680 nm, along with the absorbance of a cell-
free control for each treatment. Concentration of cells per milliliter was then estimated as
described above in Exposure Setup. These estimates were utilized to calculate percent growth
inhibition, as outlined by OECD guidelines.? This involved first calculating the average specific

growth rate for each flask over the 72-hour exposure period as seen in equation 2:

lan—lnX,- 1
Wi—j=—p = (day™) 2)

where ;. 1s the average specific growth rate from time 1 to time j, X;is the biomass at time i, and
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Xj1is the biomass at time ;.

These calculations were then used to calculate percent growth inhibition at 72 hours, using the

equation:

He — HUr

%I, = X 100 3)

He

in which %], s the percent inhibition in average specific growth rate, i is the mean average
specific growth rate of control replicates, and iy is the specific growth rate for the treatment
replicate. Any samples exhibiting absorbance equal to or less than the cell-free control were

reported as having 100% growth inhibition.

Cell Staining and High-Content Imaging

Algal cells exposed to PEI, CP, or PVP CDs and cells grown in the absence of CDs were
sampled at 24-hour intervals for imaging. 500 uL samples were taken from each exposure flask.
Each sample was then stained with BODIPY 505/515% (final concentration 5 uM) and NucBlue
Live Ready Probes Reagent (Invitrogen, Massachusetts, USA). Samples were then incubated in
the dark for 15 min. After incubation, 300 pL samples were dispensed into a 96-well plate for
imaging. Images were acquired using an ImageXpress Micro XLS Widefield High-Content
Imaging System (Molecular Devices, California, USA) in three channels: Cy5, DAPI, and GFP.
The Cy5 (excitation 628/40 nm, emission 692/40 nm) channel was used to visualize the natural
fluorescence of the algal chlorophyll. DAPI (excitation 377/50 nm, emission 447/60 nm) allowed
for visualization of the nuclei after staining with NucBlue. GFP (excitation 472/30 nm, emission
520/35 nm) captured the fluorescence of the BODIPY -stained neutral lipid droplets. Sixteen

images were collected of each replicate, with the data compiled and treated as a single replicate.
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Image Analysis

Utilizing MetaXpress high-content image acquisition and analysis software (Molecular Devices,
California, USA) automated image analysis was performed to quantify morphological features.
Each channel was analyzed for one of these three purposes: CyS5 for cell counts and cell size,
GFP for lipid droplet counts and sizes, and DAPI for nuclei counts, as seen in Figure 1. A
custom module was created within the MetaXpress software to automate the process of

analyzing these traits, the details of which can be found in Supplemental Information.

Statistical Analysis

All statistical analysis was completed in R.3%3! Prior to statistical analysis, a Shapiro-Wilk test
was utilized to ensure normal distribution of data. All treatments were then compared to the
control. Endpoints for which all data was normally distributed were analyzed using an unpaired
t-test. A series of Wilcoxon Rank Sum Test was used for data which was not normally
distributed to compare treatments to the control. For nucleation data, MetaXpress software
output included average counts of cells per nucleation state (1, 2, 4, or >4 nuclei) of each
treatment. The percentage of cells in each state was then calculated, and a Kruskal-Wallis test
followed by a Dunn test was used to compare these percentages across all treatments. For
nanoparticle characterization, an ANOVA test and subsequent Tukey’s test were used to
compare zeta potentials, as this data followed a normal distribution. Shapiro-Wilk and a Dunn
Test were used for nanoparticle size data. A confidence level of 95% was used to determine
statistical significance. For growth inhibition data, the drc package was used to calculate an

EC50 value.?? Results were visualized using ggplot.?3

Results and Discussion

11


https://doi.org/10.1039/d3en00353a

sy e Wiscansin- Madisonon 12/17/2023 7:19:36PM- W oo 11 D W N —
N = O WVWoONOOULLID WN=O

Yor
w

WPublishedion 4 Becembegs 223D aunigaded Ry Wai
ONOUARWN—=OOV®NOUG A

Environmental Science: Nano Page 12 of 29

View Article Online
DOI: 10.1039/D3EN00353A

Nanoparticle characterization

Carbon dot zeta potential, but not size, was significantly impacted by suspension in OECD
media, as seen in Figure 2. This result was observed for both PEI-CDs and CP-CDs. PEI-CDs
exhibited a mean zeta potential of 20.89 + 0.895 mV in TES buffer, compared to 11.438 + 0.959
mV in OECD media. Similarly, CP-CDs exhibited a statistically significant shift towards 0 mV
when suspended in OECD media, with a zeta potential of -30.487 £ 0.904 mV in TES buffer and
-16.56 = 0.489 mV in OECD media. No significant differences were observed between PVP-
CDs in TEs buffer and PVP-CDs in OECD media. Particle size was not significantly impacted

by media for any particles.

These results suggest that the properties of functionalized CDs are impacted by suspension in
OECD media. Given the differences in composition between TES buffer and OECD 201 media
as well as previous studies showing the behavior of nanoparticles in OECD algal media, this
finding is unsurprising.>*3> However, these findings exhibit the importance of testing particle
characteristics in test media when performing ecotoxicological experiments. Additional particle

characterization data is available in Supplemental Information figure S1.

Effect of CDs on Algae Growth

Samples treated with PEI-CDs showed a dose-dependent increase in growth inhibition (Figure
3). A Wilcoxon Rank Sum Test was used to compare each treatment to the control, and
statistically significant differences from the control were observed for all three PEI-CD treated
samples (p<0.05). Mean percent growth inhibitions were 11.69 £ 4.50%, 65.95 £ 9.24%, and

93.79 £ 10.16% for treatments of 10 pg/L, 50 pg/L, and 100 pg/L, respectively. An EC50 of

12
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approximately 42.306 pg/L was calculated. No concentrations of CP or PVP-CDs resulted in
significant growth inhibition, indicating that concentrations between 0 and 100 pg/L of these

particles are not high enough to induce toxicity in R. subcapitata.

In addition to decreased growth, cells exposed to PEI-CDs exhibited significant clumping (see
S2 in Supplemental Information). Colocalization between PEI-CDs and R. subcapitata
chloroplasts was further supported by confocal imaging (S3). This observation suggests
electrostatic interactions between positively charged PEI-CDs and the negatively charged R.
subcapitata cell, which has a zeta potential of approximately -40 mV in deionized water.?
Furthermore, such clumping and interactions with the algal cell wall can also provide insight into
the mechanism by which PEI-CDs induce toxicity. It has previously been suggested that
nanoparticle interactions with algal cell walls, and the aggregation caused by this interaction, can
induce changes in growth, cell division, and photosynthetic activity.3%37 Given the significant
aggregation observed in R. subcapitata cultures exposed to PEI-CDs, it is possible that such an
interaction is also responsible for growth inhibition in this case. Regardless, the nanoparticle-
induced aggregation of algal cells can have significant environmental effects. Such aggregates
settle rapidly and could reduce available food sources for zooplankton, impacting food webs.3®
Further work is required to determine the precise mechanism of growth inhibition and cell-

particle interaction.

Impact of CDs on Algae Development

Changes in cell size have been associated with cell cycle disruption in microalgae,*® and have

been observed after exposure to pollutants including nickel oxide nanoparticles.'® These changes

13
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can be further examined by tracking the nucleation state or DNA content of algal cells dividing
by multiple fission.'>4% R. subcapitata divides by multiple fission, with cells typically
undergoing an increase in size, followed by a series of nuclear divisions. Commonly, this results
in the formation of four autospores, but up to eight and as few as two autospores have also been
observed to result from these divisions.*! An outline of a typical R. subcapitata cell cycle is

shown in Figure 4a.

The percentage of algae cells per nucleation state by CD treatment is shown in Figure 4b,
accompanied by example images in Figure 4c. No significant differences were observed for any
nucleation state (p=0.8964 (1 nucleus), 0.7315 (2 nuclei), 0.9482 (4 nuclei), and 0.2821 (>4
nuclei)). This data suggests that CD exposure at the tested concentrations does not significantly

impact the R. subcapitata cell cycle.

Changes in algae cell size were approximated by changes in cell area. This method allows for
high-throughput screening for possible cell cycle changes or physiological impacts to algae after
nanoparticle exposure. Limitations to this method do exist, as the area measured is based on the
fluorescence of the chlorophyll, rather than a cytoplasm stain or brightfield imaging. However,
similar approximations (such as using nuclear size to approximate cell area* are useful in
developing high-content imaging assays for less studied cell types, and the use of high-content
fluorescent imaging to document cell or organelle size is well documented.*>*4As seen in Figure
4d, cell area changed significantly when compared to the control (Wilcoxon Rank Sum tests),
particularly in the case of 50 pg/L PEI (p=0.0260), 100 ng/L PEI (p=0.00433), and 50 ug/L. PVP
(p=0.0411) treatments. In the case of PEI-CD exposed cells, area decreases as CD concentration

increases. This result can likely be explained by the dose-dependent increase in growth inhibition
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associated with PEI-CD exposure. The increase in R. subcapitata cell area associated with PVP-
CDs can be associated with cell cycle interruption, particularly after cells undergo a growth
phase. In this case, it would be expected that nucleation state data would reflect such changes. It
is possible that this increased cell size is the result of another cellular impact, which requires
further investigation to determine. Cells exposed to CP-CDs exhibited average areas very similar
to the control and were not significantly different from it. Therefore, there is no evidence of cell

cycle interruption in CP-CD exposed samples.

Lipid droplet accumulation

Algae are noted for their production of lipid droplets, particularly triacylglycerols (TAGs), which
are of interest in biofuels production. The synthesis of lipids in algae occurs to the highest extent
under stress conditions, posing a challenge to production of biofuels.* Nitrogen deficiency, for
example, is one of the most cited conditions which induce lipid droplet accumulation across
many strains of algae.!*#6 Oxidative stress has also been observed to increase lipid accumulation,
as exhibited in the case of a halophilic strain of Dunaliella salina.*’ Yet another mechanism by
which algal lipid metabolism can be impacted is through an immune response. Overproduction
of highly saturated TAGs and increased BODIPY fluorescence has been observed in the marine
algae Emiliania huxleyi following viral infection.*® Therefore, although nutrient stress is by far
the most studied mechanism by which environmental factors can influence algal accumulation of
neutral lipids, there are potentially many other variables which can lead to lipid droplet

accumulation.

Significant changes in lipid content were observed in numerous samples with varying CD
functionalization (Figure 5). Wilcoxon Rank Sum tests were utilized in statistical analysis of

lipid droplet count data, while unpaired t-tests were used for lipid droplet size data. After

15
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exposure to 10 pg/L of PEI-CDs, a significant increase in lipid droplet count (p=0.0411) and size
(p=0.0307) was observed. Similarly, significant changes to lipid droplet count occurred after
exposure to 10 pg/L CP-CDs (p=0.00216), 50 ng/L CP-CDs (p=0.00866), and 50 pg/L PVP-CDs
(p=0.0411). Lipid droplet size increased relative to the control in 100 pug/L. CP-CDs (p=0.0226)
and 50 pg/L PVP-CDs (p=0.0443). Increased accumulation of lipid droplets is expected for PEI-
CD exposure, as PEI-CDs significantly increase growth inhibition at low concentrations.
However, at 50 and 100 pg/L concentrations of PEI-CDs, no increase in lipid content is
observed. This could be explained by the very high growth inhibition in these samples, leaving
few living cells available for imaging. Interestingly CP and PVP-CDs at lower concentration
exposures also resulted in increased lipid droplet accumulation. This indicates that despite a lack
of growth inhibition resulting from exposure to PVP and CP-CDs, these nanoparticles still

impact microalgae.

The presence of lipid droplet accumulation in CD exposed algae also could provide insight into
the mechanism by which CDs interact with R. subcapitata. Given the strong link between
nutrient deficits, particularly nitrogen deficiency, and lipid droplet formation, it is possible that
CD exposure is inducing nutrient stress. Nutrient adsorption onto carbon-based materials,
including graphene oxide and nano biochar, has been observed in previous algal exposures.®*
Nitrogen was among those nutrients which were found to be impacted by adsorption to carbon-
based materials.*3 Oxidative stress or another mechanism, such as an immune response cannot,

however, be ruled out as potential mechanisms.

Conclusions
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We tested the impact of charge on nanoparticle interactions with the microalgae R. subcapitata
using functionalized carbon dots. Positively charged PEI-carbon dots were more toxic than CDs
with negative zeta potentials, with PEI-CDs exhibiting an EC50 of approximately 42.306 ug/L.
Although carbon dots are generally considered to be a low toxicity nanoparticle,
functionalization with positively charged ligands can significantly increase toxicity. In the case
of R. subcapitata, we also observed significant cell aggregation after exposure to PEI-CDs. We
hypothesize that this clumping is due to electrostatic interactions between the negative algal cells
and positive PEI CDs. Furthermore, this clumping may be contributing to PEI-CD toxicity by
limiting cell mobility, division, and photosynthesis. Analysis of morphological traits was also
carried out using high-content imaging, demonstrating a novel use of this technique to quantify
morphological changes to microalgae. Cell size, nucleation state, and lipid droplet production
were the key developmental and biochemical traits studied with this technique. While evidence
of significant cell cycle interruption was not observed, increased cell size occurred in cells
treated with 50 ug/L. Cells treated with 50 or 100 pg/L PEI-CDs exhibited decreased cell size.
Interestingly, enhanced lipid droplet accumulation occurred in PEI 10 ug/L, CP 10 and 50 pg/L,
and PVP 50 ug/L treatments. Often associated with nutrient or other stress, accumulation of
neutral lipid droplets is also of interest in biofuels research. Carbon-based materials have
previously been shown to adsorb nutrients from algal media, reducing nutrient availability for
cells. %*° Further research could determine whether this is the mechanism by which lipid droplet

accumulation was induced, or if another mechanism is responsible.

Understanding the impact of nanoparticle charge on nano-algae interactions will enable the
design of sustainable nanoparticles and a better understanding of the ecological impacts of

nanoparticles entering waterways. As primary producers in aquatic ecosystems, algae are not just
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model species, but also key species required to maintain the health of our waterways. Future
studies should investigate the mechanisms by which functionalized CDs interact with and impact
microalgae, as well as test the impact of nanoparticle characteristics such as size, shape, and
charge density on interactions with algae. Furthermore, this work demonstrated the potential for
high-content imaging to contribute to the field of nanotoxicology, identifying potential modes of
action by which nanoparticles impact biological systems. The further development of this tool

for use in test organisms of environmental significance should be a focus of future research.
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Figures

Cy5: Chloroplasts GFP: Lipid Droplets DAPI: Nuclei Overlay

Figure 1. Example images from ImageXpress acquisition, showing each channel individually

and as an overlay. Images processed using Fiji.>
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ggplot.33
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multinucleated cell

Figure 4. (a) A typical R. subcapitata cell cycle, wherein cells undergo growth, two nuclear
divisions, and finally release daughter cells. (b) Nucleation state graphed by treatment, alongside
(c) example images taken using an ImageXpress imaging system. (d) Average cell area in um?.
Asterisks indicate significant difference from the control (p<0.05). (e¢) Example images of cells
with varying sizes, taken with ImageXpress system. Magenta color represents the chloroplast

(imaged in the Cy5 channel), green neutral lipid droplets stained with BODIPY 505-515 (imaged
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in the GFP channel), and blue Hoechst-stained nuclei (imaged in the DAPI channel). All

example images processed with Fiji.>
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38 Figure 5. (a) Average lipid droplet count per cell. (b) Example images of cells with and without
lipid droplets, taken using ImageXpress imaging system. Magenta color represents the

43 chloroplast (imaged in the Cy5 channel), green neutral lipid droplets stained with BODIPY 505-
45 515 (imaged in the GFP channel), and blue Hoechst-stained nuclei (imaged in the DAPI

47 channel). (¢) Average lipid droplet size in um?. Asterisks indicate statistically significant

difference from the control (p<0.05). Images further processed using Fiji.>
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