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The breakdown of symbiotic mutualism between cnidarian hosts and

dinoflagellate algae partners (i.e., bleaching) has been linked to an immune-

like response pathway brought on by a nitro-oxidative burst, a symptom of

thermal stress. Stress induced by reactive oxygen species (ROS)/reactive

nitrogen species is a problem common to aerobic systems. In this study, we

tested the antioxidant effects of engineered poly(acrylic acid)-coated cerium

dioxide nanoparticles (CeO2, nanoceria) on free-living Symbiodiniaceae

(Breviolum minutum), a dinoflagellate alga that forms symbiotic relationships

with reef-building corals and anemones. Results show that poly(acrylic acid)-

coated CeO2 with hydrodynamic diameters of ~4 nm are internalized by B.

minutum in under 30 min and subsequently localized in the cytosol. Nanoceria

exposure does not inhibit cell growth over time, with the treated cultures

showing a similar growth trend over the 25-day exposure. Aerobic activity and

thermal stress when held at 34°C for 1 h (+6°C above control) led to increased

intracellular ROS concentration with time. A clear ROS scavenging effect of the

nanoceria was observed, with a 5-fold decrease in intracellular ROS levels

during thermal stress. The nitric oxide (NO) concentration decreased by ~17%

with thermal stress, suggesting the rapid involvement of NO scavenging

enzymes or proteins within 1 h of stress onset. The presence of nanoceria

did not appear to influence NO concentration. Furthermore, aposymbiotic

anemones (Exaiptasia diaphana, ex Aiptasia pallida) were successfully infected

with nanoceria-loaded B. minutum, demonstrating that inoculation could

serve as a delivery method. The ability of nanoceria to be taken up by

Symbiodiniaceae and reduce ROS production could be leveraged as a

potential mitigation strategy to reduce coral bleaching.
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Introduction

The symbiotic relationship between dinoflagellates of the

family Symbiodiniaceae and reef-building corals (Scleractinia) is

the keystone of tropical-subtropical reefs (Dubinsky, 1990; Weis,

2008). Regulatory crosstalk and partner recognition are essential

to a successful balanced symbiosis and the associated nutritional

exchanges (Weis, 2008). This is also the case in other cnidarians

used as model species for the study of symbiosis such as Aiptasia

(Exaiptasia spp.), Anemonia viridis, Cassiopeia xamachana, or

Hydra. The specialized compartment that houses the

endosymbiont inside the host cell, i.e., the symbiosome, acts as

a complex signaling and trafficking interface with cell surface

receptors and channels, e.g., G-protein-coupled receptors

(GPCRs), lectins, scavenger receptors, toll-like receptors,

nucleotide oligomerization domain (NOD)-like receptors, and

Rhesus channels (Peng et al., 2010; Mansfield and Gilmore,

2019; Rosset et al., 2021; Thies et al., 2022).

Dysbiosis, or the breakdown of symbiotic mutualism, can be

caused by abiotic and biotic factors, such as thermal stress,

irradiance, alkalinity, salinity, viruses, and bacteria (van Oppen

and Lough, 2018). The severity of dysbiosis and potential for

recovery hinge on environmental history through frequency,

intensity, amplitude, and nature of the stress applied to the

holobiont (Krueger et al., 2015). In scleractinian corals, intense

and prolonged exposure to elevated seawater temperatures, often

combined with high UV radiations, can cause colony-scale

dysbiosis, commonly referred to as “coral bleaching”. If

environmental stress is prolonged, it can result in coral death.

Coral bleaching has been repeatedly observed on a global scale

over the past couple of decades (Hoegh-Guldberg, 1999;

McClanahan et al., 2007; Turner et al., 2020). Although the

mechanisms of coral bleaching are not fully known, it is now

understood that high concentrations of free radicals [reactive

oxygen species (ROS) and reactive nitrogen species (RNS),

together as nitro-oxidative stress], failing antioxidant

machinery (e.g., catalase, ascorbate peroxidase, superoxide

dismutase), and innate immune responses are key players in

the breakdown of symbiosis through damage to cellular

membranes, lipids, proteins, and DNA (Weis, 2008;

Lesser, 2011).

A number of approaches have been tested to prevent

bleaching from occurring with varying success, such as

shading (Coelho et al., 2017), enhanced water circulation

(Finelli et al., 2006), assisted evolution (van Oppen et al.,

2015), preconditioning to promote thermal adaptation (Oliver

and Palumbi, 2011), probiotic treatments (Peixoto et al., 2017;

Rosado et al., 2019), and inoculation with more thermally

resistant strains of dinoflagellates (Howells et al., 2012). Recent

studies have also investigated the use of poly(ethylene glycol)

(PEG)-encapsulated TEMPOL (a superoxide dismutase-

mimicking drug) nanoparticles in Acropora tenuis coral larvae

(Motone et al., 2018), as well as the microbiome bacteria-isolated

antibiotic zeaxanthin in Symbiodiniaceae isolated from Galaxea

fascicularis (Motone et al., 2020) to protect against the stress

generated by abiotic factors with mixed success. While a 7-day

exposure to PEG-TEMPOL nanoparticles increased larval

survival at 33°C compared to TEMPOL and control, questions

remain regarding larva settlement, metamorphosis, nanoparticle

delivery, nanoparticle concentration, and survival assessment.

Furthermore, although zeaxanthin treatment significantly

decreased intracellular ROS concentration under thermal stress

(6.5°C above normal temperature) and high irradiance (+150

mmol m-2 s-1 PAR above normal), survival rate and cytotoxicity

data were not presented nor an in hospite comparison. These

studies suggest that antioxidant-based bleaching mitigation

strategies can be used to reduce ROS levels that may have a

positive impact on coral-Symbiodiniaceae symbiosis subjected to

thermal stress. However, these studies also suggest that the drug

delivery mechanism is key and, as nanoparticles present high

surface area-to-volume ratios, dose–response should be carefully

tested for toxicity and potential growth impairments.

The work presented here tests the use of poly(acrylic acid)-

coated cerium dioxide nanoparticles (hereafter referred to as

“nanoceria” ) to mitigate nitro-oxidative stress in coral and

anemone-associated, free-living, symbiotic dinoflagellate

spec ies Brevio lum minutum , prev ious ly known as

Symbiodinium minutum Clade B (LaJeunesse et al., 2018).

Nanoceria are known for their free radical-scavenging

properties and their chloroplast targeting in plants (Karakoti

et al., 2008; Karakoti et al., 2010; Babu et al., 2010; Lee et al.,

2013; Rico et al., 2013; Nelson et al., 2016; Wu et al., 2017;

Gunawan et al., 2019; Mohammadi et al., 2021). Cultures of free-

living B. minutum were dosed with nanoceria to assess

internalization, growth response, and free radical-scavenging

activity during thermal stress. The delivery of nanoceria to

bleached anemone (Exaiptasia diaphana, ex Aiptasia pallida)

by inoculation with nanoceria-loaded B. minutum was

also explored.

Materials and methods

Nanoceria synthesis and characterization

Nanoceria synthesis followed the protocol developed by the

Giraldo laboratory (Newkirk et al., 2018). Briefly, 108 mg of

cerium (III) nitrate hexahydrate [Ce(NO3)3 • 6H2O, Sigma

Aldrich, CAS Number 10294-41-4, MW 434.22 g/mol, 99%

trace metal basis, SKU 238538-100G] was dissolved in 250 ml
of molecular biology-grade water and combined with 45 mg of

poly(acrylic)acid dissolved in 500 ml of molecular biology-grade

water. After vortexing, the solution was added dropwise to 1.5 ml

of 7.2 M ammonium hydroxide solution (NH4OH, Fisher
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Chemicals, Certified ACS Plus, FL-13-0907, MW 35.05 g/mol)

under constant magnetic stirring (500 rpm, VWR® Standard hot

plate stirrer) for 24 h at room temperature (22°C). The solution

was centrifuged at 3,900 rpm [2,721 relative centrifugal force

(RCF)] for 1 h to remove potential large agglomerates. The

supernatant was then placed in 10 kDa Amicon® Ultra

centrifuge filter with molecular biology-grade water and

centrifuged at 3,900 rpm (2,721 RCF) for 15 min. The

filtration/centrifugation process was repeated six times. This

synthesis process generates a clear yellow colloidal solution of

1.3 M nanoceria.

The nanoparticle size was measured using dynamic light

scattering (DLS; Malvern Zetasizer Nano) and transmission

electron microscopy (TEM; Zeiss Libra 120, SPI #3520C-FA

carbon-coated 200 mesh copper grids 3 mm) at the Virginia

Commonwea l t h Un i v e r s i t y Nanoma t e r i a l s Co r e

Characterization facility. Zeta potential (z) was calculated

using electrophoretic light scattering (Malvern Zetasizer Nano)

and the Smoluchowski approximation. UV-vis spectra were

collected using a Perkin Elmer Lambda 35 at the University of

California Riverside. For these analyses, the nanoparticle

solution was diluted in different media (1:10): deionized water

(pH 5.7), Marine Broth (pH 7.6, used for symbiotic

dinoflagellate algae culture, see next section for details), and

artificial seawater (pH 8). Analysis temperature was 27°C (B.

minutum culture temperature).

Symbiotic algae culture

Clonal and axenic cultures of the free-living symbiotic

dinoflagellate, B. minutum (Clade B) strain SSB01, were

cultured in the Jinkerson laboratory (University of California,

Riverside) in a Percival I-36 VL incubator at 27°C with

continuous light (24 h/day, 7 days/week, PAR: 5–10 mmol m-2

s-1) in culture medium made of 37.4 g Difco™ Marine Broth

2216 dissolved in 1 L of sterile Milli-Q water with final salinity of

30.3 ppt. During some experiments, B. minutum was suspended

in calcium-, magnesium-free artificial seawater following the

protocol reported by Domart-Coulon et al. (2001), with final

salinity of 26.6 ppt.

Internalization visualization

For visualization purposes, a fluorescent dye, 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate

(DiI; Sigma Aldrich, CAS Number 41085-99-8, MW 933.87 g/

mol, SKU 42364-100MG, ≥98% TLC), was encapsulated in the

nanoceria. The DiI labeling followed the protocol developed by

the Giraldo laboratory (Newkirk et al., 2018). Briefly, a staining

solution of 1.6 mMDiI dissolved in Dimethyl sulfoxide (DMSO)

was added dropwise to the 1.3 M colloidal solution of nanoceria

under stirring at 1,000 rpm (VWR® Standard hot plate stirrer)

over 1 min at room temperature (22°C). The stained solution

was transferred to a 10 kDa Amicon® Ultra centrifuge filter with

molecular biology-grade water to make up a total volume of

15 ml and centrifuged at 3,900 rpm (2,721 RCF) for 5 min. The

filtration/centrifugation process was repeated five times.

The B. minutum cells exposed to DiI-labeled nanoceria were

imaged using a Zeiss Laser Scanning Microscope 880, inverted

confocal microscope (UCR Microscopy and Imaging Core

Facility). The settings used for imaging are as follows: argon

488-nm laser excitation with collected emission wavelengths of

670–690 nm for chloroplast fluorescence; argon 514 nm laser

excitation with collected emission wavelengths of 520–550 nm

for DiI fluorescence.

To determine whether B. minutum could be used as a

delivery agent to the cnidarian host, clonal aposymbiotic

specimens of E. diaphana strain H2 were reared in the

Jinkerson laboratory and were inoculated with nanoceria-

loaded B. minutum (control n = 6, treatment n = 6). The

inoculation method follows that developed by Jinkerson et al.

(2022). Anemones used for inoculation were 3–5 mm in length

(from the pedal disk to oral disk). Inoculation was performed in

six-well polypropylene plates (one individual per well, 5.5 ml of

artificial seawater per well). The inoculation mixture consisted of

nanoceria-loaded algae (nanoceria concentration: 0.5 μg/ml; B.

minutum: 1 × 104 cells/ml) mixed with decapsulated brine

shrimp eggs (~26 mg/ml of seawater). The mixture was added

to each well (500 μl of inoculation mixture per well) except the

control well that received a mixture made of B. minutum (1 × 104

cells/ml) mixed with decapsulated brine shrimp eggs (~26 mg/

ml of seawater). Anemones were washed with artificial seawater

after 24 h and transferred to a new six-well plate. All specimens

were imaged under a fluorescence microscope (Keyence BZ-

X710 all-in-one microscope with Texas Red filter for chlorophyll

fluorescence visualization) prior to inoculation to confirm

aposymbiotic status. They were then imaged again after 7 days

(fluorescence microscope, Keyence BZ-X710) to determine

whether inoculation was successful and infection had

occurred. Finally, after 3 weeks, each individual was soaked in

OCT medium (TissueTek, Sakura) for 24 h before freezing (-80°

C) and cryosectioning (15-mm sections, Thermo Fisher Shandon

Cryotome) at the VCU Microscopy Core.

The E. diaphana was sampled using laser ablation (ESI

NWR193) as the front end of an inductively coupled plasma

triple-quadrupole mass spectrometer (Agilent Technologies

8900). The sampling zone was targeted to be the tentacles of

control and inoculated specimens, utilizing a spot size of 35 μm,

with a power of 8 J/cm2, rep rate of 30 Hz, and a dwell time of 30

s. After ablation, the samples were analyzed in MS/MS mode for
140Ce. For calibration, the National Institute of Standards and

Technology (NIST) standards 614 and 612 were used.
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Growth and cytotoxicity experiments

Cultures were exposed to three different colloidal solutions:

1) synthesized DiI-labeled nanoceria, 2) synthesized unlabeled

nanoceria, and 3) manufactured uncoated cerium dioxide

(CeO2, US Research Nanomaterials Inc., CAS 1306-38-3, stock

US3037) all dispersed in Marine Broth. The concentrations

tested were 0, 0.05, 0.125, 0.25, 0.5, and 1 mg/ml of the

different colloidal solutions (three replicate plates with two

wells per treatment, n = 6). The manufactured CeO2 was

previously characterized in the Lewinski laboratory (Figures

S1A, B). The growth experiment was conducted in 96-well

plates in triplicate under normal culture conditions (see

section 2.2). Absorbance was measured every 5–7 days over 25

days at 750 nm using a microplate reader (BioTek/Agilent

Technology SYNERGY H1) to determine variations in cell

density. Absorbance was calibrated to cell density separately

by measuring absorbance at 750 nm for different cell densities

(Figure S1C).

Free radical-scavenging assay

Before performing cellular assays, the antioxidant capacity of

the nanoceria was tested using an acel lular 2 ′ ,7 ′-
dichlorodihydrofluorescein diacetate (DCFH-DA) assay based

on the protocol reported by Zhao and Riediker (2014) (Full

protocol available in S2).

Cells of B. minutum (1 × 106 cells/ml) were loaded with

fluorescent dyes, DCFH-DA designed for intracellular ROS

detection and diaminofluorescein-2 diacetate (DAF-2 DA)

designed for intracellular nitric oxide (NO; an RNS) detection.

The cells were incubated in the dark for 1 h at room temperature

with 10 mM DCFH-DA in Marine Broth (Gomes et al., 2005)

and 8 mM DAF-2 DA in Ca–Mg-free seawater (Kojima et al.,

1999; Bouchard and Yamasaki, 2009). The two separate samples

were then centrifuged at 2,000 rpm (716 RCF) for 1 min at room

temperature. The cells loaded with DCFH-DA were resuspended

in fresh sterile Marine Broth, and cells loaded with DAF-2 DA

were resuspended in Ca–Mg-free seawater for plating in a 96-

well plate at 900,000 cells/well. The oxygen and nitrogen donors

used as controls were hydrogen peroxide (H2O2; 0.1 mM –1 mM)

and sodium nitroprusside (SNP; 0.1 mM –1 mM), respectively

(Full ROS-NO protocols available in S2).

Statistical analysis

Results were analyzed in R (version 4.1.1) using a number of

statistical and imaging CRAN packages: ggplot2 (https://cran.r-

project.org/package=ggplot2), ggpubr (https://cran.r-project.

org/package=ggpubr), tidyverse https://cran.r-project.org/

package=tidyversebroom (https://cran.r-project.org/package=

broom), AICcmodavg (https://cran.r-project.org/package=

AICcmodavg) Single-factor and two-factor ANOVAs were run

depending on the nature of the data. To identify the best model

between different interaction models or blocking model, in the

case of two-way ANOVAs, the “aictab()” function was used,

residuals of the best model were plotted, and Tukey post-hoc was

generated (95% family-wise confidence level).

Results

Cerium dioxide nanoparticle
characterization

Cell-to-nanomaterial interactions are controlled by

nanoparticle properties (size, shape, charge, and composition)

(Hu et al., 2020). DLS showed that both nanoceria and

fluorescently (DiI) labeled nanoceria have an average particle size

ranging from 1 to 6 nm (Figure 1A). Nanoparticle hydrodynamic

diameter was measured in three different media: deionized water,

seawater, andMarine Broth. TEM imaging indicated a 3.7 ± 0.1 nm

size for DiI-labeled nanoceria (Figure 1B), and electron diffraction

confirmed the polycrystalline structure of cerium oxide (Figure 1C).

Absorbance of nanoceria labeled with DiI was lower in deionized

water compared to that in Marine Broth (Figure 1D). The zeta

potential (z) was found to be highly negative (-49.5 ± 3.1 mV) in

deionized water (pH 5.7) and decreased as the ionic strength of the

media increased, with z = -21.1 ± 2.5 mV in Marine Broth (pH 7.6)

and z = -11.2 ± 0.6 mV in seawater (pH 8) (Figure 1E).

Nanoparticle internalization by free-
living algae

This study aimed to test the ROS- and RNS-scavenging effect

of nanoceria on Symbiodiniaceae during thermal stress, thus the

first step was to understand nanoceria internalization in live B.

minutum cultures. Internalization guarantees the interaction of

nanoceria with cell organelles directly producing ROS and RNS

as opposed to cell surface adhesion. Laser scanning confocal

microscopy revealed that the fluorescently labeled nanoparticles

are internalized by the algal cells within 30 min of exposure in

Marine Broth (Figure 2). The nanoceria appeared concentrated

in the cytosol (Figure 2), and no colocalization with chloroplasts

was observed. The negative control, no nanoparticle treatment

(Figures 2E, F), confirmed that the detected nanoparticle

fluorescence emission between 520 and 550 nm does not

include endogenous fluorophores or background fluorescence

in B. minutum.

The symbiotic relationship between Symbiodiniaceae and

cnidarian is at the core of the current coral reef crisis. The
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development of a potential treatment for thermally induced

dysbiosis needs to consider the treatment delivery method.

Here, we tested inoculation and infection of aposymbiotic E.

diaphana with nanoceria-loaded B. minutum as a treatment

delivery method. Fluorescence imaging of the inoculated E.

diaphana showed successful infection of the tissue by B.

minutum (using chlorophyll fluorescence); all control

specimens and all treatment specimens were successfully

infected (Figure 3). However, colocalization of the

nanoparticles inside the algae inside the anemone tissue after 3

weeks was not possible using fluorescence microscopy (DiI

fluorescence absent). During these 3 weeks, the algae grew and

divvied several times, which may have reduced the fluorescence

signal of the nanoceria to below levels we could detect.

Notwithstanding, we confirmed internalization of nanoceria by

the anemones inoculated with nanoceria-loaded B. minutum

using laser ablation inductively couple plasma mass

spectrometry (LA ICP MS, measuring cerium 140Ce in the

tentacles of control and inoculated anemones compared to

standards NIST614 and NIST612, S3).

Growth experiment

Algae cell culture growth can be assessed by determining

their cell density via absorbance measurements (optical density)

(Moheimani et al., 2013). Measuring the absorbance at

wavelengths of 550 or 750 nm is preferred to avoid

chlorophyll and other pigment interferences (Moheimani

et al., 2013). Considering that the DiI-labeled nanoceria have

absorbance peaks between 300 and 400 nm (CeO2) and 460 and

590 nm (DiI label) (Newkirk et al., 2018), absorbance at 750 nm

was chosen for this study. Calibration of the relationship

between absorbance and B. minutum cell density is presented

in S1C. B. minutum SSB01 cells have an overall slow growth rate,

~0.09 over a 25-day period (Xiang et al., 2013). Calculated

average growth rates [K’ (Levasseur et al., 1993)] show that all

cultures, except that exposed to nanoceria concentration of 1 μg/

ml (all three types of nanoceria), grew similarly to control over

the 25-day period of exposure (K’ 0.13 ± 0.008 per day, Figure 4).

Only the highest concentration for all three nanoceria tested (1

μg/ml) corresponded to significantly higher culture growth rates

(av. K’ 0.16 ± 0.003 per day) relative to control (av. K’ 0.13 ±

0.008 per day).

Free radical-scavenging assay

We confirmed the ROS-scavenging capacity of nanoceria

(acellular scavenging) at concentrations ranging from 6.25 to

100 mg/ml (nanoceria concentration) in the presence of 1 mM

hydrogen peroxide (S4). Intracellular ROS levels in B. minutum

increased over the 60 min experiment in all treatments [cell-only

(-)CTL, 100mM H2O2 treatment (+)CTL, and 1.8 mM nanoceria

treatment (CeO2)] at both temperatures tested (27°C: normal

culture temperature and 34°C: thermal stress, S5). Intracellular

ROS levels in the cell-only control treatment (-)CTL at the 60

min time point were significantly higher at 34°C compared those

in the normal culture temperature (27°C) (Figure 5A, S7). A

significant decrease in intracellular ROS was found between the

cell-only control treatment and the 1.8 mM nanoceria treatment

at both temperatures tested (Figure 5A, S7). The intracellular

ROS level in the 100-mM H2O2 treatment showed a significant

decrease between the control temperature (27°C) and the

thermal stress treatment 34°C (Figure 5A, S7). In summary,

intracellular ROS concentration increased with thermal stress.

The addition of 100 mM H2O2 to the cultures also increased

intracellular ROS levels at 27°C but not at 34°C. At both

temperatures tested, nanoceria successfully scavenged the

intracellular ROS in B. minutum.

We also evaluated the ability of the nanoceria to scavenge

intracellular NO using SNP (1 μM) as an NO donor during

normal growth conditions and thermal stress. The intracellular

FIGURE 1

Characterization of CeO2 nanoparticles. (A) Size distribution by
volume (%) of poly(acrylic acid)-coated cerium dioxide (PAA-
CeO2; schematic representation of a coated nanoparticle) in
deionized water (DI H2O), seawater (SW), and PAA-CeO2 labeled
with DiI in DI H2O, SW, and Marine Broth (MB) from dynamic
light scattering. (B) Transmission electron microscopy (TEM)
images showing lattice fringes of nanoceria (nanoparticles
circled in red). (C) Ring diffraction pattern of nanoceria with
Miller indices (TEM). (D) Absorbance of PAA-CeO2 labeled with
DiI in DI H2O and in MB. (E) Zeta potential ± standard error of
PAA-CeO2 labeled with DiI in DI H2O, MB, and SW at 27°C.
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NO levels in B. minutum at the 60 min time point in the cell-

only treatment was higher (median) in the cultures exposed to

thermal stress compared to the control temperature treatment

(Figure 5B, S7), but not significantly. When exposed to 1 mM
SNP and thermal stress, the intracellular NO levels significantly

decreased compared to control temperature (Figure 5B, S7).

When exposed to 1.8 mM of nanoceria, intracellular NO levels

were not significantly different from the cell-only control at 27°C

but were significantly lower at 34°C (Figure 5B, S7). Overall,

thermal stress did not generate a significant increase in

intracellular NO. The addition of the NO donor (SNP) did not

significantly increase the intracellular NO levels at 27°C, but

these levels significantly decreased at 34°C; levels were also

significantly different (higher) in the positive control treatment

between the cultures exposed to normal culture temperature

compared to thermal stress. The nanoceria treatment

significantly decreased intracellular NO levels during thermal

stress but not at normal culture temperature.

To assess the relationship between intracellular ROS and NO

levels of B. minutum, covariance was tested (Figure 6). The cell-

only control revealed a positive relationship between

intracellular levels of ROS and NO at 27°C, but no

relationship was found at 34°C (Figures 6A, B). The positive

control treatments that consisted of the addition of 100 mM
H2O2 and 1 mM SNP showed a negative relationship between

intracellular ROS and NO levels at 34°C (no significant

relationship was found at 27°C; Figures 6C, D). Finally, when

exposed to nanoceria, intracellular levels of ROS and NO were

not significantly correlated in either of the thermal culture

conditions (Figures 6E, F). It should be noted that all levels

increased over time, from the 5 min time point to the 60 minute

time point.

FIGURE 2

Internalization of nanoceria by Breviolum minutum. Confocal microscopy images of B. minutum exposed to DiI-labeled nanoceria (325 mM
final concentration). Internalization occurred in under 30 min post-exposure. Panels (A–D) show the same view with different filters applied
(see Materials and Methods) to highlight cell chloroplast in green and nanoceria in magenta. Transmitted light in turn is displayed (A, C) or
not (B, D) for contrast. Images of negative control are also displayed (E, F). Enlarged view of two B. minutum cells with internalized DiI-
labeled nanoceria (G, H). Scale bars: (A–F) 10 mm; (G, H) 5 mm.
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Discussion

Nanoceria internalization and
culture growth

Nanoceria cell surface agglomeration was not visible,

suggesting that nanoceria do not generate a shading effect

(Navarro et al., 2008). Shading by nanoparticles would affect

the photosynthetic efficiency of the algae. Nanoceria were

rapidly internalized by B. minutum (Figure 2), although the

delivery to the chloroplast as described in plants in Wu et al.

(2017) was not observed. Nanoceria internalization into the

cytosol is likely facilitated by the small size of the

nanoparticles, which can pass through the algae cell wall pores

[5–20 nm (Wang et al., 2019)], and the negative z potential

(-21.1 ± 2.5 mV in Marine Broth) that allows penetration

through the cell membrane. It has been reported that

nanoparticles can aggregate in the cell membrane of freshwater

algae, causing membrane damage and cell apoptosis

(Bhuvaneshwari et al., 2015; Wang et al., 2019). Herein,

nanoceria do not appear to be trapped in the cell wall of B.

minutum (Figure 2) but rather concentrated in the cytosol,

occupying the chloroplast-free space. Previous studies of

nanoparticle uptake in plant cells reported that nanomaterials

require a higher zeta potential magnitude than 30 mV to enter

chloroplasts, and that 20 mV is the minimum magnitude

required for uptake in the cytosol (Wong et al., 2016; Lew

et al., 2018), which explains why the nanoceria synthesized in

this study did not enter the chloroplasts. Systematic studies on

the role of nanoparticle size and charge on algae uptake are

needed to determine if a similar threshold of zeta potential limits

their translocation across cell and chloroplast lipid membranes.

The three types of nanoceria (commercially purchased uncoated

cerium dioxide, PAA-coated cerium dioxide, and PAA-coated DiI-

labeled cerium dioxide) tested on cultures of B. minutum (Figure 4)

were chosen to demonstrate that nanoparticle coating is an

important part of their engineering and how they interact with

biological systems. All three types of CeO2 nanoparticles allowed cell

population growth over time (Figure 4), and growth rates were

similar to that of control. The only statistically significant density

increase compared to control, after 25 days, was found in cultures

exposed to 1 mg/ml of nanoceria (all three types).

FIGURE 3

Microscopy images of E. diaphana pre- and post-inoculation with nanoceria-loaded B. minutum. The bottom right panel shows a long-
exposure fluorescent image of a specimen of E. diaphana prior to inoculation using the Texas Red filter to visualize algae chlorophyll
fluorescence. No algae are visible in the anemone, confirming its aposymbiotic state. The other three panels show the same specimen 1 week
after inoculation with nanoceria-loaded B. minutum in transmitted light (top two panels) and Texas Red filter (bottom left panel). Algae
chlorophyll fluorescence is visible in the bottom left panel, thereby confirming successful infection by B. minutum.
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Aposymbiotic specimens of E. diaphana showed successful

infection by B. minutum and nanoceria-loaded B. minutum, but

colocalization of the nanoparticles inside the algae within the

anemones could not be observed using fluorescence microscopy.

The cause for this complication can be explained by the extended

period of time the dye-labeled nanoceria were exposed to light

inside the anemones (3 weeks) before preservation for later

analysis, which can cause photobleaching of the DiI fluorophore.

Regardless of this setback, colocalization was successfully

confirmed using LA ICP MS (S3), further supporting

inoculation and infection as a method to deliver nanoparticle-

based treatments to E. diaphana.

Reactive oxygen species and nitric oxide
in free-living Breviolum minutum

The concentrations of H2O2 chosen for this experiment are

based on the work by Diaz et al. (2016) where they measured the

H2O2 concentration in bleached Pocillopora damicornis corals as

a measure of ROS at ~0.5 mg/ml. The nanoceria concentrations

tested were chosen assuming a potential one-to-one relationship

between ROS production and nanoceria quenching. The

nanoceria concentrations were then mirrored in the NO

experiments for consistency.

The intracellular ROS concentration in free-living B.

minutum indicated by DCF fluorescence increased over the 1

h period of measurement (~2.88 times more at 60 min compared

to 5 min) at normal culture temperature (27°C) due to the

standard aerobic metabolic activities of the cells (S5), i.e.,

respiration and photosynthesis, which continuously produce

ROS as by-products. A similar trend is observed at 34°C but

associated with a lower overall ROS concentration. At the 1 h

time point, intracellular ROS levels are significantly higher in

cultures under thermal stress compared to those grown under

normal culture temperature (Figure 5A). While much higher

concentrations were expected during thermal stress, the trend

observed could be the result of antioxidant enzyme upregulation

(superoxide dismutase, ascorbate peroxidase, and catalase

peroxidase) as demonstrated by Krueger et al. (2015) or lipid

peroxidation (malondialdehyde), but more work is needed to

confirm this. The results presented here suggest that lipid

peroxidation and/or antioxidant enzymes are upregulated early

when B. minutum is exposed to acute thermal stress, within 1 h

at 34°C. This also appears to be the case in the cultures treated

with 100 μm H2O2 exposed to 34°C for 1 h.

The intracellular NO concentration in free-living B.

minutum indicated by DAF-2 fluorescence is stable over the 1

h period of measurement (~4 × 106 a.u., cell-only control, S5)

but highly variable at each SNP concentration over the same

FIGURE 4

Average B. minutum growth rate ( ± SD, calculated from the absorbance measured at 750 nm and calibration curve, S1C) exposed to
concentrations of commercially purchased uncoated nanoceria (CeO2), PAA-coated nanoceria (PAA-CeO2), and PAA-coated nanoceria with DiI
label (PAA-CeO2-DiI) between 0.05 and 1 μg/ml (+ control) for 25 days (three replicate plates with two wells per treatment, n = 6 for each
treatment). Groups with different letters are significantly different (single-factor ANOVA). Growth rate was not significantly different between
different types of nanoceria at the same concentrations. Average K’ values per day in the different treatments were as follows: control K’ 0.13 ±
0.008, 0.05 μg/ml K’ 0.14 ± 0.01, 0.25 μg/ml K’ 0.12 ± 0.01, 0.5 μg/ml K’ 0.13 ± 0.01, 1 μg/ml K’ 0.16 ± 0.003.
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period (overall stable average) at normal culture temperature

(27°C). The absence of a significant increase in intracellular NO

levels between control temperature and thermal stress (34°C) in

the cell-only control and 1 mM SNP treatments, Figure 5B, is

likely caused by the reaction of NO with superoxide to form

peroxynitrite ( •NO  +  O•−
2 !  ONOO−). This reaction is

favored over the dismutation of superoxide (SOD, superoxide

dismutase enzyme catalyst) that would leave NO free to activate

DAF-2T fluorescence due to a reaction rate constant one order

of magnitude higher than the formation of H2O2 by SOD

catalysis (Radi, 2018). The fluorescence of DAF-2T does not

increase because NO is likely hijacked to form peroxynitrite with

superoxide. Peroxynitrite is a potent nitro-oxidative agent with

high diffusibility that can affect cells within a ~5–20 mm radius

(Marla et al., 1997; Szabó et al., 2007). Peroxynitrite can cause

lipid peroxidation, protein modifications, and DNA damage in

plant cells by oxidation or nitration (Vandelle and Delledonne,

2011). This is also observed in the NO-positive control

treatments where NO donor SNP was added with a significant

decrease of intracellular NO levels as indicated by DAF2

fluorescence (Figure 5B). Recently discovered hemoglobin-like

proteins (Hb) in symbiotic dinoflagellates could also be the cause

for the NO decrease with thermal stress since these Hbs are

known NO scavengers (Rosic et al., 2013). Rosic et al. (2013)

only found significant changes in Hb levels related to thermal

stress when symbiotic algae were associated with their coral

partners; nevertheless, the stress applied to both free-living

cultures and holobionts was not as acute as that applied here,

suggesting that the stress response was not detected by Rosic

et al. Another potential cause for lower levels of NO during

thermal stress with added NO (SNP) could be the upregulation

of nitric oxide synthase or the formation of thionitrites (S-

nitrosothiols) (Parankusam et al., 2017).

Using SNP [molecular formula: Na2Fe(CN)5NO.2H2O] as

an NO donor should be carefully considered due to its

dissociation process. During decomposition, SNP generates 5

moles of cyanide for 1 mole of NO, which could cause cell death.

Certain concentrations of SNP might also lead to excess

peroxynitrite (ONOO-) and peroxynitrous acid (ONOOH)

formation with the associated negative effects on cells in the

absence (or low level) of the anti-nitro-oxidant enzymes and

proteins typically upregulated at high temperatures. Testing for

these proteins and enzymes was outside the scope of this study,

but it is apparent that these endpoints should be included in

future work to understand the mechanisms of ROS and NO

production in symbiotic dinoflagellates.

A B

FIGURE 5

B. minutum reactive oxygen species level (ROS level indicated by DCF fluorescence) at 27°C and 34°C in the cell-only control [(-)CTL
treatment], when exposed to 100 mM H2O2 [(+)CTL treatment], and when exposed to 1.8 mM nanoceria (CeO2 treatment) at the 60-min time
point (A). B. minutum nitric oxide level (NO level indicated by DAF2 fluorescence) at 27°C and 34°C in the cell-only control [(-)CTL treatment],
when exposed to 1 mM SNP [(+)CTL treatment], and when exposed to 1.8 mM nanoceria (CeO2 treatment) at the 60-min time point (B). A total
of seven assays were run at 27°C and four at 34°C for both ROS and NO detection. Each assay at 27°C had three internal replicates for the
CeO2 and the (+)CTL treatments and six for the (-)CTL treatment [CeO2 n = 21, (+)CTL n = 21, (-)CTL n = 42]. A total of four assays were run at
34°C. Each assay at 34°C had three internal replicates for the CeO2 and the (+)CTL treatments and six for the (-)CTL treatment [CeO2 n = 12, (+)
CTL n = 12, (-)CTL n = 24]. Boxes summarize data spread with line (median), whiskers (min–max), and dots (outliers). Two-way ANOVA p-value
significant levels presented on graphs as: “ns” for p-value >0.05, “.” for p-value between 0.05 and 0.01, “*” for p-value between 0.01 and 0.001,
“**” for p-value between 0.001 and 0, and “***” for p-value = 0. See S4 and S5 for supplementary graphs and statistical analysis results.
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Scavenging of reactive oxygen species
and nitric oxide by nanoceria

Levels of ROS were lower in free-living B. minutum exposed

to nanoceria than those in nanoparticle-free controls,

demonstrating an antioxidant effect of the nanoceria at all

concentrations tested (Figure 5A). The thermal stress added by

exposure to 34°C for 1 h also showed clear differences compared

to control and normal culture conditions (Figure 5A), suggesting

that the ROS burst caused by thermal stress (+6°C) can be

A B

D

E F

C

FIGURE 6

Relationship between intracellular ROS and NO levels in B. minutum in the cell-only control at 27°C (A) and 34°C (B); in the presence of added
ROS (1 mM H2O2) and NO (1 mM SNP) at 27°C (C) and 34°C (D); in the presence of 1.8 mM nanoceria at 27°C (E) and 34°C (F). Linear correlation
between ROS and NO levels presented in each graphic with residuals (R) and p-value (p). [Data used here were the same as in Figure 5 so at 27°
C CeO2 n = 21, (+)CTL n = 21, (-)CTL n = 42 and at 34°C CeO2 n = 12, (+)CTL n = 12, (-)CTL n = 24.].
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counteracted by the scavenging activity of poly(acrylic acid)-

coated cerium dioxide. The application of antioxidant nanoceria

to free-living symbiotic dinoflagellates to treat oxidative stress

has clear potential as demonstrated in this study.

Symbiodiniaceae tolerance to environmental stress has been

mostly studied in free-living conditions in contrast with in

hospite in dissociated cnidarian tissue or intact organisms

(Roger et al., 2021), with findings deviating from the holobiont

response to thermal stress. The hypersensitivity of the holobiont

appears to be due to the dynamic equilibrium between negative

and positive feedback loops involving hosts and symbionts [e.g.,

nutrient cycling feedback loop (Rädecker et al., 2021)]. The

present study and current experimental methods have their

limitations; nevertheless, it is important to combine in vitro

(free-living) testing with in hospite experimentation to

understand the implications on symbiosis. The logical next

step is to confirm these findings with in hospite testing.

The dynamics involved with NO production and scavenging

are more complex than that of ROS. NO pathways in higher

plants (Parankusam et al., 2017; Kohli et al., 2019) and

freshwater algae (especially Chlamydomonas reinhardtii)

(Astier et al., 2021) have been studied more extensively in

comparison to symbiotic algae (free-living and in hospite). The

oxidation of NO (to nitrite or nitrate) in thermally stressed, in

hospite endosymbionts has been linked to bleaching as an

immune-like response associated with host cell apoptosis

signaling (Hawkins et al., 2014). The production of NO is

concentrated in host cells of stressed anemone holobionts, as

opposed to their endosymbionts (Perez and Weis, 2006),

suggesting the host as the source of NO production (Perez and

Weis, 2006; Mansfield and Gilmore, 2019). This could explain

the lack of thermally induced significant NO increase found in

our study overall. Nanoceria show NO-scavenging activity

during thermal stress despite unexpected control treatment

results (Figure 5B). In hospite testing of NO in the presence of

nanoceria will help determine with more certainty their effect on

NO levels under normal and stressful growth conditions, and

nanoceria-loaded endosymbionts could help confirm the source

of NO production during physiological stress.

Nanoceria and bleaching
future perspectives

Treating heat-induced nitro-oxidative stress using nanoceria

has potential for further applications in marine algae.

Inoculation of nanoceria-loaded Symbiodiniaceae (B.

minutum) resulted in a successful infection of Aiptasia, and

nanoceria colocalization was confirmed by LA ICP MS. Our

findings suggest that nanoceria can address the ROS burst

generated by acute thermal stress without increasing the NO

levels. More studies are needed to better understand the

fundamental mechanisms involved in NO generation,

signaling pathways, and scavenging in symbiotic algae and

cnidarians. Before large-scale application can be considered,

the effects of nanoceria on cnidarians, endosymbionts, other

marine taxa, and the marine environment as a whole need to be

better understood and characterized (i.e., bioaccumulation,

residence time, fate, cycling, and potential trophic transfer).

Cerium dioxide nanoparticles are already introduced to the

environment by motor vehicle exhaust (fuel additives), electronic

waste, recycling of sewage, and wastewater runoff (Dahle and Arai,

2015; Dedman et al., 2021). To date, studies suggest that

environmental risks associated with nanoceria are low (Dedman

et al., 2021) but limited data exist with regard to the marine

environment. Our study is the first investigating the effects of

nanoceria on marine dinoflagellates (Symbiodiniaceae). Marine

microorganisms with high surface area-to-volume ratios could be

at higher risk, especially in coastal regions (Lucas et al., 2011;

Dedman et al., 2021). Considering that these organisms represent

the heart of the marine food web, it is critical to better characterize

these interactions. Marine cyanobacteria (Prochlorococcus)

showed an initial short-term growth inhibition (72 h) at a high

nanoceria concentration (100 mg/ml, ~20 ± 12.1 nm,

heterogeneous morphology: cuboids, diamond- and triangular-

shaped particles) attributed to aggregation (between nanoparticles

and between nanoparticles and cells) rather than cell death

(Dedman et al., 2021). Results by Dedman et al. (2021) confirm

previous findings that suggest that surface interaction and

sedimentation/agglomeration of nanoparticles could be the main

dynamic in freshwater (Van Hoecke et al., 2011) and marine

systems (Deng et al., 2017). However, delivering antioxidant

nanoceria at low concentrations by reinfection would

circumvent these issues. Upcoming tests will confirm whether

the antioxidant effect of nanoceria is preserved with reinfection

and prevents/mitigates cnidarian thermal stress-induced

bleaching at the holobiont scale. Furthermore, assuming that the

antioxidant effect is conserved by symbiotic algae when symbiosis

is (re)established, this nanoceria treatment could be applied

preventively, reliant on endosymbiont shuffling and switching

(Boulotte et al., 2016).

Conclusions

The development of therapeutic nanoparticles is an area of

intense study in human medicine and agriculture for targeted

drug delivery and for protection against infections and parasites.

We believe that engineered nanoparticles can also be applied as

therapeutics to heal marine ecosystems. The work presented here

involves treating nitro-oxidative stress, a symptom of

environmental stress and bleaching, using engineered

antioxidant nanoparticles made of cerium oxide. With this aim,

we tested the internalization and effect on growth and on

intracellular ROS and NO levels of nanoceria in free-living

symbiotic dinoflagellates B. minutum.
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Nanoceria internalization was rapid and most likely facilitated

by the small size of the nanoparticles. Cell density growth

benefited from nanoceria addition as did ROS levels (ROS-

scavenging). Nanoceria lowered intracellular NO concentration

during thermal stress, but confounding results in the control

treatments could indicate a rapid activation of NO-scavenging

enzymes and proteins. Finally, anemone infection of nanoceria-

loaded B. minutum was successful, which paves the way to testing

the response to thermal stress of these new antioxidant anemone

holobionts. Future work will consist of additional endpoints such

as enzyme and protein concentration measurements, investigating

the delivery of nanoceria to coral cells, and applying thermal stress

to infected anemones and corals to test this nanoceria treatment

approach in coral bleaching.
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