Induced Cell Death in Diverse Algal Species by the
Exposure to Resin Nanoparticles

by

Ayat Jabr Salem Al-Azab

Student ID Number: 1228001

A dissertation submitted to the
Engineering Course, Department of Engineering,
Graduate School of Engineering,

Kochi University of Technology,

Kochi, Japan

in Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

Assessment Committee:
Supervisor : Professor Takeshi Ohama
Co-Supervisor : Professor Seiji Tanaka
Co-Supervisor : Professor Kojiro Ishii
Yasuko Hayashi, Niigata University
Hitoshi Miyasaka, Sojo University

September 2021

0



ABSTRACT

The number and use of resin nanoparticles have been rapidly increased, which has led
to growing awareness of their adverse effect on living organisms, particularly on aquatic
organisms. It has been reported that resin nanoparticles made of isobutyl cyanoacrylate
polymers (iBCA-NPs) acutely induce cell death in a wide range of microgreen algae; this was
accompanied by excess accumulation of reactive oxygen species (ROS). In this study, analysis
of the fundamental mechanism of how resin NPs induce cell death in algae, determination of
how widely distributed algal species differ in their sensitivity, and investigation of
transcriptome changes induced by iBCA-NPs were performed. First, to examine the potency of
iIBCA-NPs to induce cell death in diverse non-green algal species (e.g. species in the SAR and
Hacrobia clades) and the difference in sensitivity to iBCA-NPs among the species, 18 non-
green algal species were co-incubated with laboratory-prepared iBCA-NPs (mean diameter:
180 nm). After exposure to 100 mg Lt iBCA-NPs for 24 h, cell death was induced in two of
three Bacillariophyceae species, all three Cryptophyceae species, four of six Dinophyta species,
three of four Haptophyta strains, and all three Raphidophyceae species. However, exposure to
a concentration of 1 g L' iBCA-NPs induced cell death in all the examined species. ROS
scavenger N-acetyl-L-cysteine (NAC) substantially delayed cell death induction, suggesting
that ROS generation is a direct cause of induced cell death. The cells of the
Raphidophyceae species that lack covering structures and a Haptophyta strain bearing no
coccoliths were more sensitive than those of species bearing covering structures. This finding

suggests that cell covering structures act as barriers against the invasion of NPs.

Second, to better understand the molecular mechanism of cell death induced in algae by
iIBCA-NPs, altered gene expression changes along with the increase of the cell death ratio were

investigated in Chlamydomonas reinhardtii (Chlorophyceae) through chronological



transcriptome analyses using next generation sequencing. Transcriptome data indicated
upregulation of genes coding for the antioxidant enzymes included in the oxidative stress
response, such as glutathione peroxidase (GPX5), Fe-superoxide dismutase (Fe-SOD), and
glutathione S-transferase (GSTS1) when the cell death ratio reached ~3%. Besides these genes,
9 out of 20 heat shock protein (HSP)-coding genes and Crel3.g605200, a gene identified to
code for cell wall hydrolytic enzymes, were prominently upregulated (log2 fold-change, up to
11.73). The tag-insertion mutant for the Cre13.9g605200 gene showed considerable resistance
to nanoparticle-induced cell death, suggesting that its overexpression is essential for the

induction of acute cell death by iBCA-NPs.

Nucleosomal units of laddering DNA were barely detected in the smeary digested DNA
of C. reinhardtii cells exposed to iBCA-NPs, this indicates that induced cell death is primarily
a necrosis-like type, while it is also partly accompanied by the programmed cell death (PCD)-
like type. Direct chemical reactions between the largely accumulated ROS and intracellular

substances such as proteins, lipids, and DNA can be the cause of necrosis.
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CHAPTER ONE: GENERAL INTRODUCTION

Background

Nanotechnology is defined as the engineering and manufacturing of materials at atomic
and molecular scales with a length range of 1 to 100 nanometers [1,2]. Materials with nanoscale
lengths differ from the bulk materials of the same composition by their small size, high surface
area to volume ratio, and surface reactivity, making them attractive for various applications
(e.g., electronics, cosmetics, paints, and medicine) [3,4]. However, the growth of the
nanotechnology industry raises concerns about the release of engineered nanoparticles (ENPs)
into different environments during their production, manufacturing, use, and disposal [5,6].
Therefore, investigation of their adverse effect on living organisms has become a major concern.
Many studies have been performed to assess the adverse effect of ENPs on living organisms in
the aquatic environment, which is considered to be the main sink for contamination with ENPs

[7.8].

Algae are the primary producers in the aquatic ecosystem, forming the basis of the
aquatic food web by providing nutrients and energy for other organisms [9,10]. Therefore,
undesirable effects leading to disruption of the algal population can affect the structure and
function of aquatic ecosystems [11]. Thus, investigation of the toxicological effect of ENPs on

algae is essential.

1.1. Behavior and fate of engineered nanoparticles in the aquatic environment

In the aquatic environment, ENPs may undergo several chemical and physical processes,
including aggregation/agglomeration, dissolution, sedimentation, and transformation, which
are affected by several factors such as the exposure conditions (pH and ionic strength), the

properties of ENPs (concentration, size, and charge), and the dissolved natural organic matter



(NOM) [8,12,13]. The aforementioned factors determine the fate of ENPs by altering their
surface properties, resulting in either increasing or decreasing stability of ENPs, which
ultimately influence their interaction with aquatic organisms by enhancing or reducing their
toxicological effect [14]. For instance, both TiO2-NPs and CeO-NPs exhibit a pH-dependent
surface charge; they are negatively charged at basic pH and positively charged at acidic pH
[15,16]. However, agglomeration of CeO-NPs occurs at pH 8 near the point of zero charge [16].
By contrast, high ionic strength favors the aggregation of ENPs [13,17]. A rapid agglomeration
of TiO2-NPs (4-5 nm) within a few minutes in a 16.5 mmol L1 NaCl solution at pH ~4.5 has

been observed [18].

NOM is a complex of various organic compounds, derived from the decomposition of
living organisms in an aquatic ecosystem [14]. It can be of large molecular weight (e.g. fluvic
acid, humic acid and extracellular polymeric substances) or low molecular weight such as that
in thiols, amines, and carboxylic compounds [19]. A coating of NOM on ENPs modifies the
ENPs’ surface properties such as charge and subsequently alters their behavior and fate in the
aquatic system [13]. Adsorption of NOM on the surface of ENPs may increase the surface
charge, thus resulting in steric repulsion between particles, which enhances their stability and
bioavailability in the aquatic environment. The increased stability of ENPs will increase the
probability of their interaction with aquatic organisms [20]. By contrast, adsorption of high-
molecular weight NOM on ENPs causes the formation of large aggregates, resulting in
sedimentation and removal of ENPs from the water column [13,17]. For instance, it has been
reported that the stability of CeO-NPs is increased by humic acid at low ionic strength in the
presence of both KCl and CaCl; salts [21]. Meanwhile, at high CaCl. concentration, aggregation
of CeO-NPs was induced because of the bridging attraction of humic substances with NPs and

Ca*2[21].



1.2. Toxicological effect of engineered nanoparticles on algae

Previous studies described how ENPs interact with NOM, which influences their
surface chemistry and their deposition in the aquatic system, given that NOM, such as proteins,
lipids, or polysaccharides, is released from aquatic organisms [14]. This suggests that ENPs
have the potency to interact with aquatic organisms through interaction with cellular molecules,
which might lead to disruption of cellular metabolism and structure [4]. Several studies reported
the effect of different ENPs (e.g., metal oxide, carbon nanotubes, quantum dots (QDs), and
polymer-based nanoparticles) on algae [17,22-27] (Table 1.1). Among ENPs, metallic
nanoparticles were the most studied nanoparticles, probably due to their intensive use in many
applications, including paints, cosmetics, catalysts, sunscreen, and sensors. According to “The
Nanotechnology Consumer Products Inventory,” metals and metal oxides are the materials
most often mentioned in the product inventory, including, silver (25 products), silica (14),
titanium dioxide (8), zinc oxide (8), and cerium oxide (1) [28]. Based on previous studies, the
toxicity of metal oxide nanoparticles towards algae is characterized by growth inhibition,
reduction of photosynthesis and chlorophyll content, and increase of the intracellular ROS level
[17,22,26,29,30]. This toxicity is mediated by four main mechanisms: (1) agglomeration of NPs
due to the formation of hydrophobic and hydrogen bonds with the amino acid and chemical
groups on the surface of algal cells [31-33]; (2) shading effect, where NP aggregate on the cell
surface causing reduction of light available for photosynthesis and consequently inhibit growth
of the algae [17,34,35]; (3) dissolution of metal ions, such as the release of Ag* and Zn*? from
Ag-NPs and ZnO-NPs, respectively [17,22,24]; and (4) imposing of oxidative stress by

induction of ROS generation [36-38].

Agglomeration, shading effect, and oxidative stress are also explained by the toxicity
induced by carbon nanotubes (CNTs), which are characterized by growth inhibition and

photosynthesis



reduction in several unicellular algae such as Chlorella vulgaris and Pseudokirchneriella
subcapitata [27,39,40]. Contrarily, adsorption on the algal cell wall and formation of algae—

NPs agglomerates explained the impaired growth caused by polystyrene nanoparticles (PS-

NPs) [25,41].
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1.2.1. The physiological effect of engineered nanoparticles on algae

Algal cells are surrounded by porous and semipermeable cell walls with an average pore
size of 5-20 nm [17]. The biochemical composition of algal cell walls varies among species
[48,49]. It is mainly composed of cellulose, glycoproteins, and polysaccharides [17,50]. The
algal cell wall acts as the first barrier to prevent the invasion of NPs; only NPs with a smaller
size than the maximal pore size can move across the cell wall. Once the NPs pass through the
cell wall and reach the plasma membrane, they might be internalized via endocytosis, where
the plasma membrane forms a cavity-like structure surrounding NPs and then pulls them inside
the cell. In addition to endocytosis, NPs can cross the plasma membrane by passive diffusion
through ion channels or embedded transport proteins [51,52]. When the NPs enter the cell and
are in contact with cellular organelles (e.g., mitochondria, chloroplast, and endoplasmic
reticulum), they can cause damage or alteration to the function and structure of the organelles
[53,54]. It has been reported that exposure to 100 mg L CuO-NPs cause damage to the
chloroplast structure and degradation of chlorophyll in Chlorella sp. and Scenedesmus sp. [55].
The damage of the chloroplast structure adversely affects the photosynthesis process and results
in the inhibition of photosynthesis. Impairment of photosynthesis was reported in Chlorella
pyrenoidosa cells that were exposed to TiO2-NPs [56], in Chlorella sp. and Scenedesmus sp.

treated with Al203-NPs [29], and in C. vulgaris cells exposed to Ag-NPs [57].

An increased level of ROS was also detected in algal cells following the exposure to
ENPs, suggesting that ENPs induce toxicity to algae via oxidative stress [36—38]. To cope with
this stress, antioxidant defense is activated to eliminate the excess accumulation of ROS, which
includes the increased level of antioxidant enzymes such as superoxide dismutase (SOD),
ascorbate peroxidase (APX), and glutathione reductase (GR) [26,42]. An increased level of
SOD was reported in C. vulgaris cells exposed to ZnO-NPs in a dose-dependent manner,

whereas the level of glutathione decreased in cells exposed to >100 mg L™t ZnO-NPs [42].



Furthermore, the activity of APX and GR significantly increased in C. renhardtii cells exposed
to >10 mg L' CuO-NPs, whereas elevated levels of catalase (CAT) and glutathione S-
transferase (GSTS1) activity were detected when C. reinhardtii was exposed to 1 mg L™* and
1,000 mg L, respectively [26]. However, if the ROS level exceeds the capacity of antioxidant
enzymes to detoxify the adverse effect of ROS, ROS will directly interact with the cellular
components, including proteins, DNA, and lipids, resulting in DNA damage, protein oxidation,
and lipid peroxidation [58]. The latter will reduce the integrity of the cell membrane, making it
more permeable and less selective, which might facilitate the internalization of NPs [38].
Moreover, the physical interaction of NPs with a cell may introduce new pores, larger than the

original pores, in the cell wall, increasing the likelihood of NP internalization into the cell [17].

Damage to the cell membrane was also demonstrated in C. pyrenoidosa exposed to
CuO-NPs [54]. Besides that, TEM images confirmed the internalization of CuO-NPs and their
deposition in vacuoles [54]. A lactate dehydrogenase (LDH) enzyme assay was performed to
confirm the integrity of the cell membrane [59]. Detection of an increased level of LDH leakage
indicates damage to the cell membrane, which can be the cause of cell death [37,42]. Leakage
of LDH was detected in C. vulgaris exposed to 2200 mg L-1 ZnO-NPs [42] and in Chlorella
ellipsoids exposed to low concentration (1 pg mi™t) of Al,Os-NPs [37], suggesting that damage

of the cell membrane is induced by these NPs.

1.2.2. The molecular effect of engineered nanoparticles on algae

The growing and rapid development of genomic and transcriptomic technologies
facilitate the analysis of transcriptome changes induced by ENPs in algae. The transcriptomic
studies for the effect of ENPs revealed a remarkable downregulation of photosynthesis-related

genes [56,60-62], indicating an alteration of chloroplast function. It has been reported that

10



exposure to 10 mg L™ CeO-NPs significantly decreased the level of transcripts encoding light-
harvesting proteins of photosystems I and Il (LHCAS, 5, and 8; LHCB4 and 5; and LHCBMZ2,
3,5,6,and 7) in C. reinhardtii [62]. Moreover, the exposure to Ag-NPs repressed the expression
of the reaction center protein gene of PSII (D1) in Skeletonema costatum cells [60].
Interestingly, the psbB gene-encoding chlorophyll protein was significantly upregulated (>2-
fold of the control) after exposing C. pyrenoidosa cells to 20 mg L™ TiO2-NPs [56], which
might be a compensatory mechanism for the reduction of chlorophyll pigment that was caused

by TiO2-NPs.

As previously mentioned, ENPs impose oxidative stress by increasing the level of
intracellular ROS in algae. As a response to this stress, a defense mechanism is induced
involving the upregulation of oxidative-responsive genes that maintain the cellular redox
homeostasis. It was reported that CeO2-NPs induced the expression of glutathione peroxidase
(GPX) gene in C. reinhardtii cells, whereas genes encoding SOD, L-ascorbate peroxidase,
GSTS1, GR, and two peroxiredoxin family genes were downregulated [62]. Unlike CeO2-NPs,
ZnO-NPs elevated the level of transcripts encoding GSTS1 and three heat shock protein (HSP)
genes (HSP22C, HSP70A, and HSP 90A) that prevent the aggregation of proteins induced by
the oxidative stress [61]. However, TiO2-NPs, Ag-NPs, and QDs did not increase the level of

transcripts encoding GSTS1, GPX, HSP22C, and HSP70A genes [61].

Moreover, it was reported that the exposure to Ag-NPs enhanced the expression of eight
transcripts encoding hydroxyproline-rich glycoprotein components of C. reinhardtii cell wall,

suggesting that repair of the cell wall takes place after the damage caused by Ag-NPs [61].

Polycyanoacrylate nanoparticles (PCA-NPs) are one of the ENPs used in medical
applications as drug delivery systems [63,64]. They are considered to be a safe, non-toxic
material for humans. However, some reports demonstrated that mild toxicity could be induced

by PCA-NPs in animal cells [65,66]. Recently, Shirotake [67] reported that PCA-NPs derived
11



from isobutyl cyanoacrylate (iBCA-NPs) induced cell death in Gram-positive bacteria by

causing autolysis, but induced cell death did not occur in Gram-negative bacteria.

To date, only one study investigated the toxicological effect of PCA-NPs on algae [68].

1.3. Cynaoacrylate

Cyanoacrylates are esters (alkyl side chains) of cyanoacrylic acid, where the alkyl side
chains can be short (e.g., methyl and ethyl) or long (e.g., butyl and octyl) (Fig. 1.1) [69]. They
are one of the most reactive monomers, synthesized for the first time by Ardis in 1949 [70]. In
brief, cyanoacrylate was synthesized by reacting formaldehyde with alkyl cyanoacetate to
obtain prepolymer. Then, heat was applied to the prepolymer to distil off the liquid monomer
(Fig. 1.2). Different cyanoacrylate monomers can be obtained by altering the alkoxy carbonyl

group (—COOR).

/C\Nn,o\ /C:ro\)\ ;\N[ro\/ ;\Nrro\/\)\ %o\/\/ ;:ro\/**\

O McA O IBcA O ECA O IHCA BCA O OcA
Figure 1.1. Chemical structure of different cyanoacrylate monomers. MCA, methyl

cyanoacrylate; IBCA, isobutyl cyanoacrylate; ECA, ethyl cyanoacrylate; IHCA, isohexyl
cyanoacrylate; BCA, butyl cyanoacrylate; OCA, octyl cyanoacrylate. Redrawn from [84].

Cyanoacrylate monomers can instantly polymerize in contact with nucleophiles such as
water or weak bases [69,71]. Generally, cyanoacrylate polymerizes through three different
mechanisms, i.e. anionic, zwitterionic, and free radical polymerization. Anionic and
zwitterionic are the main processes of polymerization because of their rapid initiation at room

temperature. By contrast, polymerization by free radical initiators can be employed in an acidic
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aqueous solution, to suppress accidental anionic polymerization [71]. However, the free radical

polymerization rate is lower than that of anionic or zwitterionic polymerization [71,72].

N CN o
(|3Hz * CH0 — 3 CH, _(l; . Heat/Vacuum - CH, =c|:
(IZOOR (|:OOR COOR
Cyanoacetate  Formaldehyde N (Cyanoacrylate Monomer)
== CHj; Methyl
CH,H; Ethyl

C4H9 Isobutyl, Blltyl

Figure 1.2. Synthesis of cyanoacrylate monomer. Redrawn from [65].

1.3.1. Applications of cyanoacrylate

Coover et al. [73] discovered the adhesive properties of cyanoacrylate monomers,
suggesting their use as adhesive materials for medical application. The utilization of
cyanoacrylate as an adhesive material for the closure of skin wounds has grown, particularly
because of the ability of cyanoacrylate to form strong and quick adhesion in wound closures by
rapid anionic polymerization even with traces of nucleophiles [74—77]. They have been used as
tissue adhesives for various medical applications, including repair of myocardial tears [78],
pulmonary resections [79], abdominal closure after general surgery [80], and laparoscopic
gastrointestinal surgery. Besides that, they have been used in the detection of latent fingerprints

in criminal investigations [81] and as an electrolyte matrix for dye-sensitized solar cells [82].

Later, Couvreur et al. [83] developed a protocol to synthesize NPs from ethyl or butyl
cyanoacrylate in a solution containing HCI, with dextran as a stabilizing agent; he then

introduced polycyanoacrylate NPs (PCA-NPs) for the first time as carriers for drug delivery.
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Synthesis of PCA-NPs is carried out through an aqueous dispersion polymerization
approach, where the anionic polymerization takes place in the presence of a stabilizing agent
(e.g., polysorbate 80 or dextran) [71]. The size of the nanoparticles can be controlled by
changing the polymerization conditions, particularly the concentration of the stabilizing agent,
which is the key factor in the determination of NP size [71]. It also provides steric repulsion

between nanoparticles, preventing their aggregation [84].

The unique properties of PCA-NPs including their ability to adsorb different biological
compounds, biocompatibility, biodegradability, and stability in the biological fluids [83-86]
render them useful as drug delivery carriers. Furthermore, they provide controlled delivery of
drugs and protect therapeutic agents from enzymatic degradation [87]. Several therapeutic
agents and molecules can be entrapped in PCA-NPs, such as antibiotics [88,89], anti-cancer

drugs [90-92], nucleic acids [93], and peptides [94,95].

1.3.2. Toxicity of polycyanoacrylate

Although cyanoacrylate polymers showed excellent performance as a tissue adhesive
and drug delivery carriers, it was proved that short alkyl chain cyanoacrylate derivatives (e.g.,
methyl cyanoacrylate, and ethyl cyanoacrylate) could induce toxicity to animal tissues [65,66].
However, it was reported that the long alkyl chain cyanoacrylate derivatives (e.g., isobutyl
cyanoacrylate) had no adverse effect on animal tissues. Neither inflammation nor necrosis was

induced in tissues treated with a cyanoacrylate polymer derived from a long alky chain [96-98].

Toriumi et al. [65] reported that ethyl-2-cyanoacrylate induced tissue necrosis and acute
inflammation in rat ear cells, whereas mild inflammation was induced in rat ear cells treated
with butyl-2-cyanoacrylate. He speculated that the different toxicity effects of butyl-2-

cyanoacrylate and ethyl-2-cyanoacrylate are due to the differences in their degradation rate.
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The release of large quantities of toxic products, including formaldehyde and
cyanoacetate following the rapid degradation of ethyl-2-cyanoacrylate, might be the cause of
the observed acute inflammation in the treated tissue with ethyl-2-cyanoacrylate [65].
Supporting the speculation by Toriumi et al. [65] it was earlier reported that the rate of PCA-
NP degradation depends on the alkyl chain of PCA. For instance, PCA with a short alkyl chain
(e.g. methyl cyanoacrylate) degrades within hours compared to PCA with a long alkyl chain

(e.g. isobutyl cyanoacrylate), which takes three days to be eliminated [99].

Moreover, Catherine et al. [66] reported that isohexyl cyanoacrylate NPs (IHCA-NPs)
exhibited the least toxicity to fibroblast cells compared to methyl cyanoacrylate (MCA-NPs),
ethyl cyanoacrylate NPs (ECA-NPs), and isobutyl cyanoacrylate NPs (iBCA-NPs). These
results can be explained by the slow degradation of IHCA-NPs and the subsequent slow release

of toxic degradation products.

Interestingly, Eiferman and Snyder [100] reported an antibacterial effect of
cyanoacrylate invitro and in vivo. They found that cyanoacrylate could induce toxicity to Gram-
positive bacteria (e.g., Staphylococcus aureus and Streptococcus pneumonia) but not to Gram-
negative bacteria. The induced toxicity to Gram-positive bacteria was through the binding of
cyanoacrylate to free amino acid or hydroxyl groups existing within the cell wall. However, in
the case of Gram-negative bacteria, the lipopolysaccharide capsule surrounding the cell wall

acts as a barrier against the cyanoacrylate effect [100].

Recently, Widyaningrum et al. [68] reported that isobutylcyanoacrylate nanoparticles
(iIBCA-NPs) with a mean diameter of 25 nm induced acute cell death in microgreen algal
species belonging to Chlorophyceae. The induced cell death was accompanied by the
appearance of protoplast-like cells and an accumulation of ROS. It was observed that iBCA-
NPs frequently collided with the C. reinhardtii cell wall without stable adherence to the cell

wall. These collisions might cause uncontrolled secretion of cell wall hydrolytic enzymes that
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partially hydrolyse the cell wall of C. reinhardtii. Thereafter, iBCA-NPs passed through the
damaged cell wall and bound to different proteins on the plasma membrane, causing loss of the
three-dimensional structure of proteins. As a consequence, the activation of different signalling
pathways ended with an increase of the ROS level and eventually cell death [68]. This principal
mechanism of induced toxicity by iBCA-NPs is different from that induced by a metal oxide,
where shading effects and alterations of the nutrient exchange with the surrounding
environment are the main causes of algal growth inhibition [34,35]. Meanwhile, neither the
shading effect nor impairment of nutrient exchange was observed in the case of iBCA-NPs.

However, both metal oxides and iBCA-NPs induce ROS production [37,38,68].

IBCA-NPs not only have the potency to induce toxicity to microgreen algae belonging
to Chlorophyceae but also could induce toxicity to a wide range of algae. Herein (i.e., Chapter
2), we investigated the effect of iBCA-NPs with a mean diameter of 180 nm on 18 widely
distributed non-green algal species (i.e., 19 strains belonging to SAR and Hacrobia clades).
Detailed analyses were performed using Prymnesium parvum (Haptophyta) and Rhodomonas

atrorosea (Cryptophyta).

However, to date, the molecular mechanism of cell death induction by iBCA-NPs in
diverse algal species is still unknown. To better understand the effect of iBCA-NPs on the
metabolic process in algal cells and the response of algal cells to the stress induced by NPs at
the molecular level, it is essential for one to analyze the gene expression changes following the
exposure to iBCA-NPs. Among microgreen algae, the genome of C. reinhardtii is well
organized, containing 14,415 genes and 17,741 loci with protein-coding transcripts [101].
Besides that, the rapid doubling time (c.a. 8-12 h), well-defined media and growth requirements
[102], availability of mutant strain library at the Chlamydomonas resource center
(http://chlamy.org/), and well-established molecular techniques for genetic study [103,104]

make C. reinhardtii an excellent model organism for analyzing the molecular effect of iBCA-
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NPs on microgreen algae. In Chapter 3, we investigate the chronological transcriptome changes

induced by the exposure of iBCA-NPs in C. reinhardtii, where cell mortality ranged from ~3%

to ~30%, using next generation sequencing.
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CHAPTER TWO: A RESIN CYANOACRYLATE NANOPARTICLE AS
AN ACUTE CELL DEATH INDUCER TO BROAD SPECTRUM OF

MICROALGAE

2.1. Introduction

The use and number of engineered resin nanoparticles (NPs), e.g., poly(alkyl)-
cyanoacrylate NPs, polystyrene NPs, and polypropylene NPs, have been rapidly increasing.
Their physical and chemical properties render them suitable for use in industrial and medical
applications, such as in cosmetics, pigmented inks, and crack-resistant paints. However, the
potential adverse effects of residual resin NPs on ecosystems are currently a serious concern

[1,2]

Historically, studies on the effects of metal oxide NPs such as TiO> preceded those on
resin NPs [3]. To date, in vitro experiments have shown that metal oxide NPs, carbon NPs,
quantum dots, and dendrimers can induce growth inhibition and photosynthesis reduction in

various green algal species [4-8]; however, they do not induce acute cell death.

Polycyanoacrylate NPs (PCA-NPs) are resin NPs that are promising for use in medical
industries as drug delivery systems owing to their biocompatibility, biodegradability, and
ability to adsorb active biological compounds such as antibiotics, antibodies, and enzymes

[9,10].

Recently, we reported that poly(isobutylcyanoacrylate) resin NPs (iBCA-NPs) with a
mean diameter of 25 nm possess the ability to rapidly induce cell mortality in green microalgae
at a concentration of 100 mg L!. For example, cell mortality was induced in 19 of 25

investigated VVolvocales species [11].
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Algae are primary producers in aquatic ecosystems. They form the basis of the aquatic
food web by providing oxygen to other organisms as well as absorbing trace metals and
synthesizing nutrients [12]. Therefore, any change of algae population will eventually affect
the function and structure of aquatic ecosystems [13]. Thus, it is essential to analyze the
fundamental mechanism of how resin NPs induce algal cell mortality and determine how widely
distributed algal species differ in their sensitivity. In this study, we evaluated the effects of
iIBCA-NP exposure on 18 widely distributed non-green algal species (i.e., 19 strains belonging
to SAR and Hacrobia clades). Detailed analyses were performed using Prymnesium parvum

(Haptophyta) and Rhodomonas atrorosea (Cryptophyta).

2.2. Materials and Methods

2.2.1. Nanoparticles

A detailed method for the preparation of iBCA-NPs with a mean diameter of 180 nm
has been previously reported [11]. Briefly, an isobutylcyanoacrylate monomer (Aronalpha 501,
Toagosei Co., Ltd. Japan) was added dropwise until it reached 1% concentration (w/v) in acidic
water (pH = 2.0) containing 1.0% (w/v) dextran 60,000 (041-30525, Wako Pure Chemical
Industries, Japan) as a dispersant while stirring at 600 rpm. The solution was stirred for 2 h and

then neutralized using 0.5 M NaOH. The prepared NPs were stored at 4°C until use.

2.2.2. Preparation of surface-pre-coated poly(isobutylcyanoacrylate) resin nanoparticles
To determine the effect of pre-coating the surface of iBCA-NPs on algal cells, 15 mg of

lyophilized powder of bovine serum albumin (BSA) (A7906, Sigma, USA) or skim milk (b199-

219, Yukijirushi-Megumiruku, Japan) was added to 1% (w/v) iBCA-NP (w/v) solution (final

concentration of 1.5%) and incubated for 72 h at 4°C. Then, pre-coated iBCA-NPs were added
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to cells at 100 mg L2, and the cell mortality inducing ability was compared between non-coated

iBCA-NPs and coated iBCA-NPs.

2.2.3. Zeta potential and size distribution of poly(isobutylcyanoacrylate) resin
nanoparticles

Distribution of nanoparticles' diameter was measured using the dynamic light scattering
method, and zeta potentials were measured based on the electrophoresis method using zeta
potential and a particle size analyzer (ELSZ-2000ZS, Otsuka Electronics, Japan) following the

manufacturer’s instructions.

2.2.4. Algal species and their cultivation

The 18 algal species (19 strains) used in this study were obtained from the National
Institute for Environmental Science (NIES, Tsukuba, Japan). Three species of
Bacillariophyceae, three species (four strains containing two strains of the same species) of
Haptophyta (Prymnesiophyceae), six species of Dinophyta (Dinophyceae), three species of
Raphidophyceae, and three species of Cryptophyta (Cryptophyceae) were used in this study
(Table 2.1). All algal strains were cultured in the NIES-recommended medium under constant
fluorescent light (i.e., 30 pmol photons m 2 s7%). Algal species were classified according to the

NIES catalog.

2.2.5. Exposure of algal cells to poly(isobutylcyanoacrylate) resin nanoparticles
To investigate the effects of iBCA-NP exposure on non-green microalgal species, 1%
iBCA-NP solution was added at the final concentration of 100 mg L' or 1 g L' to cells in log-

phase growth (OD7so = 0.8-1.2) and co-incubated with gentle rotation for 24 h. For negative
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control, co-incubation was conducted with only dextran 60,000-containing medium, which was

used as a dispersant to prepare 180-nm iBCA-NPs.

2.2.6. Light microscopy

An Olympus microscope (BX63, Olympus, Tokyo, Japan) was used for bright-field,
dark-field, and fluorescence microscopy. The specific mirror unit Olympus U-FBWA was used
for fluorescence microscopy, whereas the specific condenser U-DCD (Olympus, Tokyo, Japan)

was used for dark-field microscopy.

A laser confocal microscope (TCS SP8, Leica Microsystems CMS GmbH, Mannheim,
Germany) was used to observe coccolith structures, which is a structure that covers cells in
Haptophyta species. Samples were excited at 552 nm using 10% laser intensity.
Autofluorescence of haptophyte chlorophyll was observed using a HyD1 detector (emission
wavelength, 600-670 nm). Bright-field images were recorded using a photomultiplier tube trans

detector.

2.2.7. Observation of Rhodomonas atrorosea using transmission electron microscopy
Cells were treated with 50 mg Lt iBCA-NPs for 1 or 2 h, collected by centrifugation
(2,000 x g, 5 min), and fixed in 1/15 M phosphate buffer (pH 7.4) containing 4% glutaraldehyde
for 4 hat 4°C. The collected cells (2,000 x g, 5 min) were embedded in 2% agarose (Sea Plaque
GTG, Takara Bio, Japan) at 45°C. The solidified gel was immersed in 1/15 M phosphate buffer
(pH 7.4) for 1 h at 4°C. Post-fixation was performed in 1/15 M phosphate buffer containing 2%
osmium tetroxide at 4°C for 2 h, and then samples were washed several times with distilled
water for 1 h at 4°C. Next, samples were stained with 2% uranyl acetate at 4°C and then washed

with distilled water for 1 h at 4°C. Samples were dehydrated using a graded ethanol series
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(25%-100%) and finally embedded in Quetol-651 (Nisshin EM, Tokyo, Japan). Ultrathin
sections of Quetol-651 blocks were stained with 2% uranyl acetate for 5 min at room
temperature, followed by staining with lead citrate solution for 10 min at room temperature.
Sections were observed using a transmission electron microscope (TEM) (Hitachi H-7650,

Hitachi, Japan) at 80 kV.

2.2.8. Trypan blue staining assay

We used the trypan blue (TB) dye exclusion test to distinguish between dead and viable
cells. This assay is based on the principle that living cells possess an intact plasma membrane
that excludes the dye [14]. The TB solution (0.4% w/v, Wako Chem., Japan) was directly added
to the cell suspension at a final concentration of 0.2% (w/v). After 5 min, the cells were
observed using bright-field microscopy. Cells stained dark or light blue were regarded as dead.

The cell death ratio was calculated by counting the total number of dead cells out of 100 cells.

2.2.9. Reactive oxygen species accumulation analysis

2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) (D668, Sigma, USA) was used
to measure the accumulated reactive oxygen species (ROS) level. H2DCFDA solution (10 uM)
was added to cells, followed by incubation for 15 min. Samples were then washed three times
using a culture medium to reduce the background interference. H2DCFDA was converted to
2', 7'-dichlorofluorescein (DCF) by ROS, and the fluorescence of DCF was measured using a
fluorescence photometer (FL-2500, Hitachi, Japan) based on the ExX/Em wavelengths of DCF
(495/515 nm). The abovementioned method was applied to Prymnesium parvum, Cryptomonas
ovata, and Rhodomonas atrorosea, which were exposed to iBCA-NPs at a final concentration

of 100 mg L™,
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To investigate whether accumulated ROS is the primary cause of cell death, we exposed
P. parvum cells to 100 mg L™t of iBCA-NPs in a culture medium with and without the addition
of 1 mM N-acetyl-L-cysteine (NAC) (Wako Pure Chemical Industries, Japan), which is a well-
known ROS scavenger [15]. We determined the difference in the cell death ratio between these

two conditions.

2.2.10. Cell growth curve

To investigate the adverse physiological effects of a low concentration of iBCA-NPs on
cell growth, cells were exposed to iBCA-NPs at the final concentration of 10 mg L™ or 100 mg
L1, After co-incubation, cells were centrifuged (1,000 x g, 10 min), and the cell pellets were
suspended in fresh culture medium. This step was repeated three times to remove residual NPs.
Finally, 200 pL of the washed cells were inoculated in 20 mL of fresh medium. We assayed
cell growth by measuring the turbidity at OD7so using a photometer (U-1900, Hitachi, Japan).
The following equation was used to calculate the cell density in cells/mL based on the measured
optical density value (GeneArt cryopreservation method Catalog # A24228, Life Technologies,

USA): Cell concentration (cells mL™) = [(ODzso— 0.88) / 9] x 108,

2.2.11. Statistical analyses

Cell death ratios and ROS levels were statistically compared using student’s t-test and
two-way analysis of variance. The differences between mean values were considered
significant when the p-value was <0.05. We used GraphPad Prism version 7.03 (GraphPad

Software, San Diego, California, USA) for all statistical analyses.
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2.3. Results and Discussion

2.3.1. Particle size distribution and zeta potential of poly(isobutylcyanoacrylate) resin
nanoparticles

The mean diameter of the synthesized monodisperse iBCA-NPs was 180.55 + 0.07 nm
(Appendix A, Fig. 1). The zeta potential of iBCA-NPs in the ESM culture medium was —2.12
+ 0.50 mV, whereas that of P. parvum cells (Haptophyta) in the medium was —15.97 + 0.44
mV. The zeta potential of the skim milk-coated iBCA-NPs in the culture medium was —19.77

+ 2.13, whereas that of iBCA-NPs coated with BSA was —14.49 + 2.33.

2.3.2. Induced abnormal swimming pattern in Prymnesium parvum (Haptophyta) after
exposure to poly(isobutylcyanoacrylate) resin nanoparticles

In the co-incubation culture of P. parvum cells with iBCA-NPs at 500 mg L', we
observed the scattered light trails of NPs using dark-field microscopy. The NPs occasionally
collided with the cells and bounced off their surfaces. Neither stable adhesion nor hetero
aggregate of the cells and NPs was observed, possibly because both were negatively charged
(Appendix A, Video 1A). Following 15 min of co-incubation, almost all cells started to exhibit
abnormal swimming patterns. In addition, some cells adopted a spherical shape, suggesting cell
wall degradation (Appendix A, Video 1B). After 1 h of co-incubation, most cells stopped
swimming. The change in cellular redox poise is a key factor in determining the swimming
direction of Chlamydomonas reinhardtii, with cells changing their swimming direction by
switching between positive and negative phototaxis [16,17]. Therefore, acutely induced

abnormal swimming patterns in P. parvum can reflect the disordered poise of redox in the cell.
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2.3.3. Species-dependent sensitivity assay using poly(isobutylcyanoacrylate) resin
nanoparticles at 100 mg L*and 1 g L™

To assay the sensitivity of various non-green algal species to NPs, we exposed cells in
log-phase growth to iBCA-NPs at 100 mg L' or 1 g L™! for 24 h in the recommended culture

medium. Cell mortality was determined using TB staining.

After exposure to 100 mg L' iBCA-NPs for 24 h, the ratio of cells stained with TB
reached >70% in two of the three Bacillariophyceae species, all three Cryptophyta species, four
of the six Dinophyta species, all three Haptophyta species (except one of the two strains of
Emiliania huxleyi), and all three tested Raphidophyceae species (Fig. 2.1). Then, we exposed
the resistant algal species to a higher concentration (1 g L™!) for 24 h. This exposure induced

>70% cell death in all investigated samples (Table 2.1).
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Figure 2.1. Induced cell death following exposure to poly(isobutylcyanoacrylate) resin nanoparticles
(iBCA-NPs)at 100mg L * (A" ,B" ,C” ,D’ ,E’ )and incubation in dextran-containing medium as
the control (A, B, C, D, E). After 24 h of incubation, cells were stained with trypan blue (TB). (A) and
(A") Chattonella marina (Raphidophyceae); (B) and (B’) Prymnesium parvum (Haptophyta); (C) and (C’)
Thalassionema nitzschioides (Bacillariophyceae); (D) and (D) Heterocapsa triquetra (Dinophyta); (E)
and (E") Rhodomonas atrorosea (Cryptophyta); bar, 10 pm.
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IBCA-NP concentrations of 100 mg L' and 1 g L™! were used to investigate the
sensitivity of the different algal species. However, there are currently no reliable environmental
concentrations of resin NPs to which the used concentrations can be directly compared with.
To the best of our knowledge, only one report has described the concentration of NPs, both
from natural sources (e.g., clay particles) as well as manufactured resin NPs, in aquatic
environments [18]. In the paper, NP concentrations were assessed at nine different locations in
Sweden (rivers, lakes, and coastal areas) by tracking the weakly scattering particles using a
high-sensitivity camera. The NP concentrations were found to be from 0.5 x 10! to 2 x 10*2
particles L%, In contrast, 100 mg L of iBCA-NP contains approximately 2.9 x 10% particles
L ! (density of iBCA-NP = ca. 1.125). Therefore, the concentration of resin NPs used in this
experiment must be much higher than that of NPs in most aquatic locations where there is no
specific source of NP litter. Thus, the obtained cell mortality ratios by the following exposure

to iBCA-NP at 100 mg L ! and 1,000 mg L™ must be under extreme conditions.
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2.3.4. Effect of cell coverings on cell mortality

Among the four investigated Haptophyta strains (i.e., three species), E. huxleyi
NIES—2778, which bears a thick accumulation of coccoliths, was resistant (only ~15% cell
mortality at 100mg L' iBCA-NP for 24 h). In contrast, E. huxleyi NIES-1310 and Calyptros
phaera sphaeroidea, which bear no coccoliths, and P. parvum, which bears only 2-3 thin layers

of unmineralized plate scales [19,20], showed >70% cell mortality after 24 h of incubation.

Notably, two strains of E. huxleyi, NIES-1310 (bearing no coccoliths) and NIES-2778
(bearing thick accumulation of coccoliths), showed considerably different sensitivities (Fig.

2.2). This finding strongly suggests that the accumulated thick coccolith layer works as a

mechanical barrier against iBCA-NP.
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Figure 2.2. The mechanical barrier effect of accumulated coccoliths on cell death induction. (A)
Laser microscopic images of two Emiliania huxleyi strains, naked NIES-1310, and coccolith-bearing
NIES-2778. Upper panels are bright-field images and lower lower panels are the corresponding
fluorescence images; bar, 1 um. (B) Different cell death ratios in two strains of E. huxleyi. The naked
strain  NIES-1310 and coccolith-bearing strain NIES-2778 were exposed to 100 mg L%
poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs). Cell death was assayed using the trypan
blue (TB) staining method. Results are shown as the mean ratios (+SE) calculated from three
independent experiments. Asterisks denote a significant difference in mean values between the two

strains (two-way analysis of variance, ** p < 0.01, *** p <0.001, ns = p > 0.05).
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Supporting the barrier effect of cell coverings, two Raphidophyceae species with no cell
covering structure [21-23] (i.e., Chattonella marina and Olisthodiscus luteus) showed high
sensitivity to iBCA-NP, with >70% cell mortality after a 24 h of incubation with 100 mg L™ of

IBCA-NPs (Table 2.1).

One of the three tested Bacillariophyceae species, Odontella longicruris showed higher
resistance than Thalassionema nitzschioides and Chaetoceros debilis (Table 2.1). The pores in
the O. longicruris silica cell covering (frustule) are ~250 nm in diameter [24], whereas those in
T. nitzschioides are ~500 nm [25] and those in C. debilis are of undetermined size. Considering
that the smallest size of iBCA-NPs was ~70 nm and the largest size was ~450 nm (Appendix
A, Fig. 1), the frustule of T. nitzschioides (~500 nm) did not function as a mechanical barrier
against the invasion of iBCA-NPs, whereas that of O. longicruris (~250 nm) must have some

mechanical barrier effect.

Among the six tested Dinophyceae species, two species (Coolia monotis and
Gambierdiscus sp.), which bear thecal plates, required treatment of 1 g L™t iBCA-NPs to induce
>70% cell death, whereas >70% cell death was induced by only 100 mg L™ iBCA-NPs in the
other four species (i.e., Amphidinium carterae, Karenia mikimotoi, Prorocentrum dentatum,
and Heterocapsa triquetra) (Table 2.1). Among the four rather sensitive species, two (A.
carterae and K. mikimotoi) do not bear thecal plates, whereas the other two (P. dentatum and
H. triquetra) bear thecal plates. Therefore, further investigation is required to elucidate the

factors that determine sensitivity of Dinophyceae species to resin NPs.

As the control, we incubated algal cells with dextran 60,000-containing medium, which
was used as a dispersant to prepare iBCA-NPs. For example, 0.1% (w/v) dextran 60,000 was
added to the culture medium as a control for 0.1% iBCA-NPs, and 1% (w/v) dextran was added

to the culture medium for 1% iBCA-NPs. The cell death induced by co-incubation with dextran
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60,000 was consistently below 5% in all species. Therefore, cell death could be attributed to

NPs but not dextran.

2.3.5. Reduced potency of poly(isobutylcyanoacrylate) resin nanoparticles by surface
coating with skim milk or bovine serum albumin

The Haptophyta species P. parvum was exposed to 100 mg L™ iBCA-NPs immersed in
BSA solution or skim milk to coat the surface of NPs, and the cell death-inducing potency of
the coated iBCA-NPs was compared with that of non-coated iBCA-NPs. We found that the
potency of coated NPs was considerably reduced. For instance, after 8 h of exposure to non-
coated iBCA-NPs, the cell death ratio was ~37%, while it was only ~9% and ~10% after

exposure to iBCA-NPs immersed in skim milk and BSA, respectively (Fig. 2.3).
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It has been reported that n-butyl-cyanoacrylate-NPs (nBCA-NPs) can adsorb BSA and
proteins contained in rat serum [26]. Moreover, it can deliver adsorbed proteins such as p-
galactosidase, RhoG, and mouse anti-a-synuclein monoclonal antibody H3C to neurons [27].
Therefore, the surface of iBCA-NPs immersed in 100 mg L™ skim milk or BSA should have

been coated with the included proteins.
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Figure 2.3. Comparison of the cell death-inducing potency between non-coated and
poly(isobutylcyanoacrylate) resin nanoparticles (iIBCA-NPs) coated with skim milk or bovine
serum albumin (BSA). Results are shown as the mean ratios (£SE) calculated from three
independent experiments. Asterisks denote significant differences between the two treatments

(two-way analysis of variance, * p < 0.05, *** p < 0.001, ns = p > 0.05).

The substantially reduced potency of coated iBCA-NPs is likely because pre-coating interfered

with the ability of NPs to bind to target molecules, which is essential to induce cell death.

47



2.3.6. Correlation between reactive oxygen species accumulation and cell mortality

We measured the time-dependent increase in the fluorescence of DCF, the converted
product of nonfluorescent H2DCFDA by esterase and ROS, using a fluorescence spectrometer.
In P. parvum, fluorescence intensity increased with increased exposure time. It reached a peak
at 2 h, and the fluorescence intensity was approximately three times higher than that of the
control. The fluorescence intensity then decreased after exposure for 3 h (Fig. 2.4A). Consistent
with spectrofluorescence data, fluorescence-positive cells were most frequently observed at 2

h of exposure using fluorescence microscopy (Fig. 2.4C).
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Figure 2.4. Time-course changes in 2',7'- dichlorofluorescein (DCF) fluorescence level, cell
mortality, and appearance of reactive oxygen species (ROS)-positive cells. (A) Increase in DCF
fluorescence in Prymnesium parvum following the exposure of poly(isobutylcyanoacrylate) resin
nanoparticles (iBCA-NPs) at 100 mg L. The fluorescence was measured using a fluorescence
spectrometer. Two-way analysis of variance, * p < 0.05. (B) Time-course change in the cell
mortality ratio following the exposure of iBCA-NPs at 100 mg L. (C) Microscopic observation
of DCF fluorescence in P. parvum cells exposed to 100 mg L of iBCA-NPs. Control is the result
of cells incubated in the dextran-containing medium that is contained in the iBCA-NP solution as

a dispersant.
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The decrease in the number of fluorescence-positive cells and DCF levels following
longer incubations is likely because DCF cannot be retained inside the cell when the plasma
membrane is severely damaged. This is consistent with the observation that cells darkly stained
with TB were consistently DCF fluorescence-negative, whereas cells slightly stained with TB
or unstained cells were DCF fluorescence-positive. This finding also suggests that ROS
accumulation precedes plasma membrane disruption. We also detected DCF fluorescence-
positive cells in Cryptophyta species (i.e., C. ovata and R. atrorosea) after exposure to 100 mg

L1 iBCA-NPs for 1 h (Appendix A, Fig. 2).

The addition of membrane-permeable NAC before iBCA-NP treatment substantially
reduced P. parvum cell death. The cell death ratio in P. parvum in the medium with and without
NAC after 7 h of exposure to iBCA-NPs (100 mg L) was ~5% and ~50%, respectively (Fig.

2.5). These results showed that ROS accumulation was a direct cause of resin NP-induced cell
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Figure 2.5. Effect of the reactive oxygen species (ROS) scavenger N-acetyl-L-cysteine
(NAC) on cell death. NAC (1 mM final concentration) was added 45 min before exposure of
Prymnesium parvum cells to 100 mg L™ poly(isobutylcyanoacrylate) resin nanoparticles
(iIBCA-NPs). Results are shown as the mean ratios (£SE) calculated from three independent
experiments. Asterisks denote significant differences between the two treatments at a given

time (two-way analysis of variance, * p < 0.05, *** p < 0.001, ns = p > 0.05).
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death. ROS accumulation can induce oxidative modifications in proteins, particularly
methionine and cysteine residues [28,29], which results in the formation of protein aggregates

and activation of chaperone-mediated autophagy [30-32].

In the present study, we detected changes in the color of R. atrorosea cells caused by
NP exposure. The cell color changed from brownish to greenish (Appendix A, Fig. 3). This
might be caused by the degradation or twisted conformation of phycobiliprotein, which is
densely packed in the thylakoid lumen, or that of the integral membrane Chl-a/c2 carotenoid

protein complexes [33].

2.3.7. Transmission electron microscopy observation of fine structure changes in
Rhodomonas atrorosea (Cryptophyta)

The width of mitochondria in unexposed R. atrorosea cells was 0.3-0.4 um (Fig. 2.6A),
whereas swollen mitochondria (width > 1.0 um) were often detected after 1 h of exposure to
100 mg L' iBCA-NPs (Fig. 2.6B-E). These mitochondria often lacked cristae in the middle
(Fig. 2.6B, D), and many had cristae only at their peripheral regions (Fig. 2.6C, E). Enlarged
vacuoles were also detected, which were more prominent after 2 h of exposure (Fig. 2.6F, G)
than after 1 h of exposure (Fig. 2.6B—F). However, chloroplast enlargement was not as
prominent in both 1-h and 2-h-exposed cells. We previously reported that lysis of C. reinhardtii
cells was induced by co-incubation with 25-nm-sized iBCA-NPs. In C. reinhardtii, cell lysis
was often accompanied by extreme enlargement of vacuoles, whereas the enlargement of

mitochondria was not detected [11].
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Disordered chloroplasts or those with partial thylakoid loss were also prominently
detected in the exposed cells (Fig. 2.6D). Such prominently disordered chloroplasts were not

detected in C. reinhardtii exposed to 25-nm-sized iBCA-NPs [11].

Figure 2.6. Transmission electron microscopy (TEM) image of Rhodomonas atrorosea
cells exposed to 100 mg L™* poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPSs).
(A) Unexposed cells. (B through E) 1-h-exposed cells. (F and G) 2-h-exposed cells.
Enlarged images of specific areas are shown with one or several apostrophes (). Black
arrows, mitochondria; white arrows in G, G’, G’’, and G’”’, places where lack plasma
membrane and cell wall; c, chloroplast; n, nucleus; ej, ejectosome; f, flagellum; *, vacuole;

bar, 5 um.
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One of the possible reasons is that chloroplast disorder in R. atrorosea is related to the
degradation or twisted conformation of phycobiliprotein which is densely packed in the
thylakoid lumen. Most of the observed plasma membrane ruptures after 1 h of exposure
appeared to stem from increased turgor pressure in extremely enlarged mitochondria (arrow in
Fig. 2.6D, E). Regions that seemed to be lacking a cell wall and plasma membrane were
prominently enlarged and observed more often after 2 h of exposure (white arrows in Fig. 2.6F,

G, F, G, G", and G™) than after 1 h of exposure (white arrows in Fig. 2.6D, D").

Electron transport systems in chloroplasts and mitochondria are major ROS producers
in plants [34,35]. Abnormal structures in these organelles suggest that defects in them caused
ROS release into the cytoplasm, as detected by DCF fluorescence in P. parvum cells exposed

to NPs (Fig. 2.4C).

IBCA-NPs served as an ROS inducer in both R. atrorosea, and C. reinhardtii, but the
induced defects in fine structures exhibited species-specific differences. This finding might
reflect the difference in the affected metabolic pathways and the proteins embedded in organelle

membranes.

2.3.8. Relationship between nanoparticle concentration and induced cell death ratio in
Prymnesium parvum (Haptophyta)

We analyzed the relationship between cell death and mass concentration (w/v) of NPs
using P. parvum (Haptophyta species). Cell death increased along with an increase in iBCA-
NP concentration (w/v). Cell death ratios after 4 h of exposure at final concentrations of 50 mg
L%, 100 mg L%, and 250 mg Lt were 52%, 72%, and 95%, respectively (Appendix A, Fig. 4).

A longer incubation period induced more cell death. Following 24 h of incubation with 10 mg
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Lt 25mg L, 50 mg L2, and 100 mg L™ iBCA-NPs, the cell death ratio reached ~5%, ~45%,

~85%, and 100%, respectively (Fig. 2.7).

At 10 mg L ! concentration of iBCA-NPs, the P. parvum cell death ratio was 5% even
after 24 h of exposure, which was not significantly different from that of the unexposed cells
(Fig. 2.7). We investigated if the TB-negative cells incurred any physiological damage using P.

parvum cells co-incubated with 10 mg L™t iBCA-NPs for 24 h.
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Figure 2.7. Ratios of «cell death induced by various concentrations of
poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs) in Prymnesium parvum cells
following 4 h or 24 h of exposure. Cells incubated in dextran-containing medium were used
as the control. Results are shown as the mean ratios (£SE) calculated from three independent
experiments. Asterisks denote significant differences between the two strains (two-way
analysis of variance, **** p < 0.0001, ns = p > 0.05).

The P. parvum cells co-incubated with 10 mg L™ * iBCA-NPs, which had been washed
three times with fresh medium, required 12 days to initiate logarithmic cell growth. In contrast,
untreated and dispersant-treated cells entered log-phase growth within a shorter period (5 days)

(Fig. 2.8). Therefore, even the TB-negative cells must have been severely affected by the
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accumulated ROS. Interestingly, in the logarithmic phase, iBCA-NP-exposed and unexposed
cells exhibited no significant differences in growth rate, suggesting that the ROS. Interestingly,
in the logarithmic phase, iBCA-NP-exposed and unexposed cells exhibited no significant
differences in growth rate, suggesting that the ROS damage induced by iBCA-NPs was tentative

and did not cause genetic changes.
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Figure 2.8. Growth curve of Prymnesium parvum cells inoculated in fresh medium after
exposure to poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs). P. parvum cells
that had been exposed to 10 mg L-1 of iBCA-NPs for 24 h were washed and inoculated in

fresh medium. Cells not exposed to nanoparticles were used as a control.

2.3.9. The hypothesized mechanism of how resin nanoparticles induce cell mortality
Non-resin NPs such as metal oxide NPs (e.g., ZnO, CuO, and TiO3), carbon nanotubes
[36], and semiconductor quantum dots, have the potency to induce growth inhibition in green

microalgae but no potency to induce acute cell death [37,38]. All these NPs quickly generated
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hetero-aggregates composed of NPs and cells [39-42]. Therefore, nutrient exchange inhibition

and the light shade effect are considered the primary effects of these NPs [6,43-45].

However, the dark-field observation of P. parvum cells co-incubated with iBCA-NPs
showed that NPs occasionally collided with the cells and bounced off their surfaces without
stable adherence. Therefore, sealing of the cell surface by NPs cannot be the primary cause of

the induced cell death in cyanoacrylate resin NPs.

Our results suggest that cell coverings such as the coccolith of Haptophyta species and
silica-made frustules of Heterokontophyta species act as mechanical barriers to prevent cell
mortality. A critically different sensitivity was observed between the two strains of E. huxleyi,

which is probably attributable to the presence/absence of coccoliths.

The barrier effect of cell coverings leads to the hypothesis that NPs need to penetrate
cell coverings to induce cell death. This hypothesis was also supported by TEM observations,
revealing that the cell wall of NP-sensitive R. atrorosea was damaged after exposure to iBCA-
NPs (Fig. 2.6). In addition, in another NP-sensitive species, i.e., P. parvum, protoplast-like
spherical cells were detected after 15 min of exposure to iBCA-NPs (Appendix A, Video 1A).
The importance of the invasion of NPs suggests that the target molecule of the NP is present

within cell coverings.

Because of the weak specific affinity of iBCA-NPs to proteins [46-49], once NPs
penetrate cell coverings, they must find multiple proteins, e.g., G protein-coupled receptors, ion
channel-coupled receptors, and cytokine receptors, on the plasma membrane to which they can
bind. The binding of NPs to such proteins must induce functional loss in the proteins by altering
their three-dimensional structures [48]. The functional loss in proteins triggers responses that

eventually lead to ROS accumulation, as observed in this study.
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The iIBCA-NPs coated with BSA or skim milk showed considerably reduced potency to

induce cell death. This is likely because the protein binding sites of iBCA-NPs were occupied

by proteins present in skim milk or BSA. Therefore, the pre-coated NPs exhibited reduced

potency to bind the target proteins located on the cell wall or plasma membrane.

The abovementioned hypothesis accurately explains why a resin iBCA-NP can induce

cell death in diverse algal species with species- or strain-specific differences in sensitivity.

Therefore, it is essential to determine the mechanisms involved in the interactions between resin

NPs and proteins for the appropriate regulation of resin NP disposal.
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CHAPTER THREE: CHRONOLOGICAL TRANSCRIPTOME
CHANGES INDUCED BY EXPOSURE TO CYANOACRYLATE RESIN

NANOPARTICLES IN CHLAMYDOMONAS REINHARDTII

3.1. Introduction

There is a growing interest for engineered resin nanoparticles [e.g. poly(alkyl-
cyanoacrylate) nanoparticles and polystyrene nanoparticles] as well as metal oxide
nanoparticles worldwide [1,2]. Physical and chemical properties of nanoparticles render them
suitable for use in both industry and medicine, such as production of cosmetics, pigmented inks,
and crack-resistant paints as well as drug delivery carriers. However, there is a serious concern
that wasted resin nanoparticles that are inappropriately discarded in water can be harmful to
aquatic living organisms [3-6]. Microalgae are organisms that play a vital role in aquatic
ecosystems as a basic producer. Therefore, it is important to analyze the molecular mechanism

underlying the effect of nanoparticles on algae.

Resin nanoparticles composed of cyanoacrylate polymers with no prominent
inflammatory effects and biodegradability in animals have been investigated as potential carrier
materials for drug delivery [7,8]. Unexpectedly, it was found that isobutyl cyanoacrylate
nanoparticles (iBCA-NPs) induce acute cell death of gram-positive bacteria [9], green
microalgae belonging to the class Chlorophyceae [10], and various non-green algal species
belonging to the SAR supergroup and the cryptomonads—haptophytes assemblage [11]. The
molecular mechanism underlying cell death induced by iBCA-NPs in such a wide range of

microorganisms remains to be elucidated.
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We reported earlier that coincubation of iBCA-NPs with microalgae did not allow
inducing their mutual agglomerates or stable binding of nanoparticles to the cell surface [10,11].
In contrast, metal oxide nanoparticles were found to inhibit algal cell growth by the generation
of heteroaggregates composed of both cells and nanoparticles [12,13]. Either shading or
hampering the exchange of smooth materials provided from outside (e.g. oxygen, carbon
dioxide, and nutrients) can be the primary reason for such a growth inhibition [14-17]. We also
reported that exposure to iBCA-NPs potently induce both protoplast-like cells and ROS burst
in Chlamydomonas reinhardtii [10]. These findings suggest that there is a principal difference
between metal oxides and resin nanoparticles with respect to their working mechanisms to

affect the exposed cells.

In this study, we investigated the chronological transcriptome changes induced by the
exposure of C. reinhardtii to iBCA-NPs, where cell mortality was a priori found between ~3%

and ~30%.

3.2. Materials and Methods
3.2.1. Strains and culture conditions

All C. reinhardtii strains used in this study were purchased from Chlamydomonas center
(University of Minnesota, USA): a wild type strain CC-124, a mutant strain without cell walls
CC-400, mapped tag-insertion mutants (LMJ.RY0402.158615 and LMJ.RY0402.051804) of
matrix metalloproteinase (MMP) genes, and their parental strain CC-5325. All these strains
were cultured in TAP medium under constant fluorescent light (84 pmol photons m2 s™) at
25°C with gentle shaking. Cells at the mid-log growth phase (OD7so of approximately 0.8) were

used for the experiments, unless mentioned otherwise.
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3.2.2. Preparation of resin nanoparticles

Two different sizes of IBCA-NPs, ca. 30 and 180 nm in mean diameters, were
synthesized. Both of them were composed of poly(isobutylcyanoacrylate) polymers and were
synthesized as per previous reports [18,19] with some modifications. In brief, the 30-nm iBCA-
NPs were synthesized by dropwise addition of the monomer (Aronalpha 501, Toagosei Co. Ltd.,
Tokyo, Japan) to acidic water with stirring at 600 rpm (pH adjusted to 2.0-2.3 by HCI), which
contained 0.16% (w/v) anionic surfactant NEOPELEX G-15 (sodium dodecyl benzene
sulfonate, Kao Corporation, Tokyo, Japan) and 1.25% (v/v) non-ionic surfactant Tween 20
(Kao Corporation, Tokyo, Japan) as dispersants. The 180-nm iBCA-NPs were synthesized in
water (pH adjusted to 2.0-2.3 by HCI) containing 1.0% (w/v) dextran 60,000 (041-30525;
Wako Pure Chemical, Osaka, Japan) while stirring at 600 rpm. The monomer was added until
the weight reached 1% (w/v), after which the solution was subjected to stirring for another 2 h.
Subsequently, the solution was neutralized by the addition of 0.5 M NaOH. The prepared

solutions containing nanoparticles were stored at 4°C until use.

3.2.3. Preparation of 30-nm poly(isobutylcyanoacrylate) resin nanoparticles suspended in
reduced concentrations of detergents

The 30-nm iBCA-NPs were suspended in water containing the two detergents used for
their synthesis. Reduction of free detergents (i.e., non-adsorbed detergents on the surface) was
achieved by sedimentation of nanoparticles followed by their resuspension in the original

volume of distilled water. Cycles of ultracentrifugation were conducted as shown below.

Aliquots of 52 mL of the 30-nm iBCA-NPs suspension were added to two polycarbonate
tubes, which were subsequently centrifuged (303,000xg for 2 h, Himac CP90a ultracentrifuge,
Hitachi, Japan) using PS0OAT2 angle rotor. After the centrifugation, supernatants were discarded,

and pellets were resuspended in the original volume of distilled water. The suspensions were
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subjected to shaking overnight to disperse the pellets and subsequently sonicated (Sonics Vibra-
Cell VC130 Ultrasonic Processor, Sonics & Materials Inc., USA) at 130 Watts for 2 min to
completely disperse the nanoparticles. Next, the solution was centrifuged again at 303,000xg
for 2 h. The resultant second pellets were suspended in 52 mL distilled water, dispersed again,
and a portion of the suspension was used for cell exposure and the remaining volume was again

centrifuged at 303,000xg for 2 h.

The supernatant prepared after the third centrifugation cycle was used to measure the
concentration of NEOPELEX G-15 using the Nanogram SDS Assay Kit (ProFoldin, USA)

following the manufacturer’s instructions.

3.2.4. Zeta potential measurement and nanoparticle size distribution
Size distribution of nanoparticles was measured based on dynamic light scattering
method, whereas zeta potentials were measured using electrophoresis method on an ELSZ-

2000ZS device (Otsuka Electronics, Japan) following the user’s manual.

3.2.5. Cell exposure to poly(isobutylcyanoacrylate) resin nanoparticles

C. reinhardtii wild type cells (CC-124) were cultured at 24°C under constant fluorescent
light exposure (84 umol photons m 2 s 1) with gentle shaking (120 rpm) until reaching the mid-
log phase (a density of 2 x 1054 x 10° cells mL™?%). Thereafter, cells were exposed to the
detergent-reduced 30-nm iBCA-NPs at a concentration of 300 mg L or to the 180-nm iBCA-

NPs at a concentration of 100 mg L ! without dextran reduction, which was used as a dispersant.

Control cells for the 30-nm iBCA-NP treatment were cultured in TAP medium
containing 0.003% NEOPELEX G-15 and 0.023% Tween 20. The detergents’ concentrations

matched those of the twice centrifuged 30-nm iBCA-NP solution at a concentration of 300 mg
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L (see above), while for the control treatment of 100 mg L™* 180-nm iBCA-NP solution, 100

mg L dextran 60,000 was used.

For the nanoparticle treatment, cells were incubated with gentle shaking (10 rpm) under
dim light (~20 pmol photons m 2 s) until the cell mortality reached specific ratios: ~3%
(Stage-1), ~15% (Stage-2), and ~30% (Stage-3). The cells were harvested for gene expression
analyses by exhaustive RNA-sequencing or quantitative reverse transcription PCR (RT-gqPCR).
Additionally, we obtained the transcriptome data of mere TAP-cultured cells in the mid-log

phase (a density of ~3 x 10° cells mL ™).

3.2.6. Cell mortality measurement and detection of reactive oxygen species accumulation

To distinguish between dead and viable cells, we used trypan blue (TB) staining method
[20]. This assay is based on the principle that living cells possess intact cell membranes bearing
potency to exclude the dye. The TB solution (0.4% w/v, Wako Chem., Japan) was directly
added to the cell suspension at a final concentration of 0.2% (w/v). After 5 min, we observed
the cells by bright-field microscopy using Olympus BX63 (Olympus, Japan) without employing
the washing step. Dark- or light blue-stained cells were considered perished. The cell death

ratio was calculated by counting the total number of stained cells out of 100 cells.

To detect the accumulated reactive oxygen species (ROS) in cells, a cell-permeable
probe, non-fluorescent compound 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA)
(D668, Sigma) was used. The H2DCFDA solution was added to the cell culture (10 uM at the
final concentration), incubated for 15 min, and then washed thrice with fresh culture medium
to reduce the background probe. The fluorescence of 2’,7'-dichlorofluorescein (DCF), which is
produced from H2DCFDA by ROS, was detected using a fluorescence microscope coupled

with an Olympus U-FBWA filter unit (Olympus, Tokyo, Japan).
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3.2.7. Total RNA isolation

For total RNA isolation, the harvested cell samples reaching the specific cell mortality
ratios (Stage-1 through Stage-3) were centrifuged (2,000xg, 5 min) and then resuspended in 1
mL ice-cold TAP medium. The suspended cell pellets were centrifuged once again (9,500x%g, 2
min). After complete supernatant removal, total RNA was extracted using TRI-reagent
(Molecular Research Center, Inc., USA) following the manufacturer’s instructions (TRI-
reagent - Manufacturer’s protocol, 1995). Thereafter, the extracted total RNA was purified
using the RNeasy plant mini kit (Qiagen, Manchester, England). Both RNA quantity and quality
were checked by measuring the absorbance at 280 nm and 260 nm using Nanodrop ND-1000

(Thermo Fisher Scientific Inc., MA, USA).

3.2.8. Construction and sequencing of complementary DNA libraries

Complementary DNA (cDNA) libraries were prepared using the KAPA Stranded
MRNA-Seq Kit (Kapa biosystems, MA, USA). A total of 750 ng RNA per sample was used for
12 cycles of PCR amplification. The concentration of the generated cDNA libraries was
measured on Qubit using the dsSDNA HS Assay Kit (Thermo Fisher Scientific Inc., MA, USA),
whereas the quality of cDNA libraries was confirmed on Fragment Analyzer using the dsDNA
915 Reagent Kit (Advanced Analytical Technologies Inc., IA, USA). The generated cDNA
libraries were sequenced using lllumina NextSeq 500 (San Diego, CA, USA) under the 2 x 76
bp run. The obtained reads were filtered using Sickle software (ver.1.33), which removed the
bases having quality values of <20 and discarded the sequences with fragment lengths of 30
bases or less along with their paired sequences. The filtered reads were then mapped using the

Hisat22 aligner to the reference C. reinhardtii genome v. 5.5 (strain CC-503 cw92 mt") that
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contains 14,415 genes [21]. Three independent 30-nm iBCA-NP-treated samples for each stage

(Stage-1 through Stage-3) were analyzed. Analyses were also performed for the control samples.

3.2.9. Analysis of differentially expressed transcripts

After alignment of the obtained cDNA libraries, differentially expressed genes were
predicted using “edgeR” package (ver. 3.10), which uses quantile-adjusted conditional
maximum likelihood (QCML) to retrieve differentially expressed genes in an experiment using
one-factor comparison (i.e., control vs. treatment). Log. fold-change (Log.-FC) and false
discovery rate (FDR) were calculated [22]. Differentially expressed transcripts were defined
with FDR of <0.05 and Log>-FC of >1 or <—1, unless otherwise noted. Gene annotation was

retrieved from Phytozome v. 12.1/ Chlamydomonas reinhardtii v. 5.5.

3.2.10. Principal component analysis (PCA)
To provide a systematic view of RNA-seq data among untreated and treated cells, PCA
was performed for the 17,741 genes expressed in at least one sample by using the prcomp

function in the R environment (v. 3.6.2; R Core Team, Vienna, Austria).

3.2.11. Gene expression analysis of the 180-nm poly(isobutylcyanoacrylate) resin

nanoparticle-exposed cells by quantitative reverse transcription PCR (RT-gPCR)

Considering the observed drastic changes in gene expression after application of the 30-
nm iBCA-NPs, seven genes were selected to further assess their expression changes during
exposure to a concentration of 100 mg L. PCR primers for the candidate genes were designed

using Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and their sequences are
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listed in Table 1 of Appendix B.

cDNA was generated using the g°PCR RT Kit (ReverTra Ace, TOYOBO, Osaka, Japan)
following the manufacturer’s protocol. Thereafter, qQPCR was conducted using the KOD SYBR
qPCR Mix (TOYOBO, Osaka, Japan) according to the manufacturer’s instructions with the
designed primers. cDNA level of the C. reinhardtii eukaryotic initiation factor (EIF1A) gene was
used for the normalization. cDNA amplifications were performed in the StepOne Real Time PCR

System (ABI, USA). The obtained data were analyzed using the Pfaffl method [23].

3.2.12. Analysis of stress-inducible expression of Crel3.g605200 gene by quantitative
reverse transcription PCR (RT-gPCR)

To investigate the conditions that can induce the overexpression of the Cre13.g605200
gene, wild type C. reinhardtii cells in the mid-log phase (a density of 2 x 105 — 4 x 106 cells
mL 1) were incubated in TAP medium containing either 2.5 mM H20_ or 200 mM NacCl. Total
RNA was isolated when the cell mortality reached approximately 30% to be used for analyzing

the gene expression change of Cre13.g605200 by RT-qPCR.

3.2.13. Profiling DNA degradation after exposure to either 180-nm
poly(isobutylcyanoacrylate) resin nanoparticles or H202

To characterize the effect of 180-nm iBCA-NPs on DNA degradation, cell wall-
deficient C. reinhardtii cells (CC-400) were exposed to 100 mg L™ 180-nm iBCA-NPs. In
addition, algae of the same cell type were exposed to 50 mM H,O; to investigate the effect of
the oxidative stress. After exposure, total DNA was isolated according to Pollock et al. [24]

with several modifications.
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Briefly, the cells collected after centrifugation at 1,000xg for 5 min were resuspended
in SDS-EDTA-Proteinase K solution [2% (w/v) SDS, 200 mM NacCl, 40 mM EDTA (pH 8.0),
100 mM Tris-Cl (pH 8.0), 0.2% (v/v) p-mercaptoethanol, and 20 mg mL? Proteinase K
(25530015, ThermoFisher Scientific, MA, USA)]. After incubation at 65°C for 1 h, DNA was
extracted with phenol—chloroform-isoamyl alcohol (25:24:1, v/v) mixture and centrifuged at
2,500%g for 5 min at room temperature. The upper aqueous phase was mixed with chloroform-
isoamyl alcohol (24:1, v/v) mixture and centrifuged at 2,500xg for 3 min at room temperature.
Nucleic acids contained in the agueous phase were then precipitated with 2 volumes of absolute
ethanol and rinsed with 70% ethanol. The pellets were resuspended in TE buffer [10 mM Tris-
HCI (pH 7.4), 1 mM EDTA] containing 0.5 mg mL ! heat-treated RNase A and incubated at
40°C for 30 min. The isolated DNA samples were resolved by 0.8% (w/v) agarose gel
electrophoresis, followed by staining with SYBR Green | (5760A, Takara Bio Inc., Japan). A

470 nm LED transilluminator (LTi-ExLB, Biotools Inc., Japan) was used to visualize DNA.

3.2.14. Molecular phylogenetic tree construction

Amino acid sequences of 31 genes, annotated to code for cell wall lytic enzymes, were
retrieved from Phytozome v. 12.1/ Chlamydomonas reinhardtii v. 5.5 using the key terms:
“matrix metalloproteinase” and “cell wall lytic enzyme.” Multiple alignment of the amino acid
sequences coded by these 31 genes was performed using ClustalW (ver. 2.1) [25]. Based on the
aligned sequences, a maximum likelihood tree was generated using the MEGAX software (ver.

10.1.8) [26] with 100 bootstrap iterations.
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3.2.15. Partially purification of Cre13.g605200 enzyme

The crude enzyme was prepared from cell free supernatant of the treated CC-124 cells
with 300 mg L1 30-nm iBCA-NPs. Briefly, cell free supernatant was obtained by centrifugation
at 5,200 x g for 5 min. Thereafter, crude enzyme was precipitated at 4°C by the addition of
ammonium sulfate slowly to reach 60% saturation, and kept on stirring for 30 min. The
precipitated proteins were collected by centrifugation at 13,500 xg for 20 min at 4°C, the pellets
were then suspended with protein buffer solution [10 mM Tris-acetate (pH 7.5), 200 mM NacCl,
0.05% (v/v) S-mercaptoethanol], and transferred to dialysis membrane with MW cutoff 1 kDa
(Repligen, USA) to remove ammonium sulfate. Dialysis was performed against protein buffer
solution at 4°C overnight with three changes of the buffer solution. Afterwards, samples were
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Samples
were mixed with SDS-PAGE sample buffer [125 mM Tris-HCI (pH 6.8), 20% (v/v) glycerol,
4% (w/v) SDS, 10% (v/v) p-mercaptoethanol, 0.05% (w/v) bromophenol blue] in a ratio of 1:1,
and heated in a boiling water bath for 5 min, then they were resolved by polyacrylamide gel for
~15 min at constant voltage (100 V) until the loading dye reach the resolving gel, followed by
running them at 200 V for ~45 min. After gel electrophoresis, the partial purified enzymes were
stained with PageBlue™ Protein Staining solution (Thermo Fisher Scientific, MA, USA) for

30 min with gentle shaking.

The gel band corresponding to the candidate enzyme was excised and analyzed by liquid

chromatography- tandem mass spectrometry (LC-MS/MS) (Antegral Co., Japan).

3.2.16. Experimental design
All the abovementioned experiments to investigate gene expression changes were
performed thrice using independently prepared cell samples to obtain statistically robust data

(3 biological replicates).
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3.3. Results

3.3.1. Characteristics of the 30-nm poly(isobutylcyanoacrylate) resin nanoparticles
suspended in a reduced concentration of detergents

We prepared 30-nm iBCA-NPs suspended in a reduced concentration of detergents used
for nanoparticle synthesis to reduce their effect in further experiments. The removal of
detergents not adsorbed on the nanoparticle surface was performed by sedimentation and
resuspension of the pellet. The concentration of NEOPELEX G-15 present in the supernatant
after 3rd centrifugation cycle was reduced to approximately 1/18th of the initial concentration.
Assuming that the dilution factor would be the same as for Tween 20, TAP medium containing
0.003% (w/v) of NEOPELEX G-15 and 0.023% (w/v) of Tween 20 was used for the control

treatment of detergent-reduced 30-nm iBCA-NP exposure at 300 mg L.

Zeta potential of the twice centrifuged 30-nm iBCA-NP [1% (w /v)] was changed from
—16.43 + 0.32 mV before centrifugation to —21.85 + 0.58 mV afterward. Moreover, through
two cycles of precipitation, the mean diameter of the 30-nm iBCA-NPs increased from the

original 30.15 + 0.08 nm to 94.40 = 4.06 nm (Appendix B, Fig. 1).

Conversely, zeta potential of the 180-nm iBCA-NP [1% (w /v)] suspended in original

1.0% (wi/v) dextran 60,000 was —7.50 = 0.17 mV and the mean diameter was 180.96 + 7.83 nm.

3.3.2. Time-course change of cell mortality after exposure to 30-nm
poly(isobutylcyanoacrylate) resin nanoparticles

We exposed C. reinhardtii wild type, mid-log phase cells to detergent-reduced 30-nm
iBCA-NPs at a concentration of 300 mg L1, TB-positive cell ratio increased during the

exposure (Fig. 3.1A), which was accompanied by the generation of swollen and spherical
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protoplast-like cells, as previously reported by us [10,11]. The number of DCF-positive cells,
which indicated the accumulation of ROS, also increased (Fig. 3.1B). Observed morphological

and biochemical changes at stipulated time-points were summarized as shown below.

Stage-1 containing ~3% of TB-stained cells: After 2-3 min of the addition of iBCA-NPs,
swimming pattern of the cells’ behavior changed to swirling (Appendix B, Video 1), and after
10 min, all cells stopped swimming. At this stage, the TB-stained cell ratio was ~3% (Appendix
B, Table 2) and spherical protoplast-like cells reached ~30%, while the ROS fluorescent

positive cell ratio was ~1% (Appendix B, Table 3). This stage was termed as Stage-1.

Stage-2 containing ~15% of TB-stained cells: After exposure for 60 min, the TB-positive cell
ratio reached ~15% (Appendix B, Table 2) and the ROS fluorescent positive cell ratio was
~10% (Appendix B, Table 3). Many cells (~35%) contained prominently enlarged vacuoles,
and we could detect nanoparticles trapped inside (Appendix B, Video 2) for some cells. This

stage was termed as Stage-2.

Stage-3 containing ~30% of TB-stained cells: After exposure for 120 min, the TB-positive
cell ratio reached ~30% (Appendix B, Table 2) and the ROS fluorescent positive cell ratio was

~24% (Appendix B, Table 3). This stage was termed as Stage-3.

The increase of both protoplast-like and TB-positive cells was twice lower after
exposure to centrifuged 30-nm iBCA-NPs than that after exposure to non-centrifuged ones.
However, the visible cell abnormalities (swirling swimming pattern, protoplast-like spherical
cell shape, ROS accumulation, and TB-staining ability) and their chronological appearance

were exactly the same as for non-centrifuged 30-nm iBCA-NPs (Fig. 3.1) [10].

74



(A) Control Stage-1 Stage-2 Stage-3

(B) Control Stage-1 Stage-2

Figure 3.1. Chronological microscopic cell observation to show induced cell death and reactive

oxygen species (ROS) by exposure to detergent-reduced poly(isobutylcyanoacrylate) resin
nanoparticles (iBCA-NPs) at 300 mg L. (A) Bright-field microscopic observation of cells
stained by trypan blue (TB). (B) Microscopic observation of 2',7'- dichlorofluorescein (DCF)

fluorescence. Bar, 20 um.

Moreover, the exposure of cells to the 180-nm iBCA-NPs at a concentration of 100 mg
L1, which were synthesized using dextran, induced the same abnormal features in exactly the
same order as that induced by the 30-nm iBCA-NPs. However, the increase in the TB-positive
ratio of these cells was approximately half of the double-centrifuged 30-nm iBCA-NPs at a

concentration of 300 mg L™t (Appendix B, Table 4).

3.3.3. Characteristics of transcriptome changes

To detect the metabolic pathways that were significantly affected by exposure to the
resin nanoparticles, we performed three independent transcriptome analyses for cells (3
biological replicates) at each stage as well as for control samples. We obtained approximately

1.24 x 107 reads for each cell stage and approximately 1.57 x 107 and 1.59 x 107 reads for the
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two types of control samples, i.e., cells cultured in the TAP medium which contained detergents
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Then, we conducted PCA for the harvested cell samples reaching specific cell mortality
ratios (Stage-1, -2, and -3) and also cultured in only surfactants containing TAP medium (Surf6)
using gene expression profiles obtained by RNA-seq analysis. In the PCA plot, the first and
second principal components (PC1 and PC2) accounted for 80.54% and 5.44% variability in
the RNA-seq dataset, respectively (Fig. 3.2). Clear segregations of iBCA-NPs-treated samples
from the control samples were observed along with the first principal component, reflecting the
nanoparticles-induced transcriptional alteration in C. reinhardtii. Of note, although the variance

was slight, iIBCA-NP treated samples were also separated by treatment duration along with the

PC2 axis.
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Figure 3.2. Principal component analysis (PCA) of RNA-seq data of Chlamydomonas reinhardtii
obtained by exposure to 30-nm poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs) at three
exposure periods: Stage-1, Stage-2, and Stage-3. Surf6-1,-2, -3: Cells cultured in TAP containing
0.003% NEOPELEX G-15 and 0.023% Tween 20 for 2 h. Three independent experiments were carried

out.
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Approximately 78% of reads were uniquely mapped to the C. reinhardtii reference
genome, among which 17,741 loci have been found to contain protein-coding transcripts.
Therefore, the coverage ratio of our RNA-sequence data was approximately 500 per locus for

cells treated by nanoparticles and ~700 for both controls (Table 3.1).

The Stage-1transcriptome contained approximately 26% of upregulated genes, whereas
31% of genes were downregulated based on the following criteria: Log.-FC of >1, Logy.FC
value of <—1 and FDR of <0.05. These ratios did not significantly change even at Stage-2 and

Stage-3 (Table 3.1).

3.3.4. Overexpression of the oxidative stress-responsive genes
We observed that the increase of ROS accumulation in DCF-positive cells was followed
by increased number of TB-positive cells. Therefore, we focused on the change in the

expression of the genes coding for enzymes involved in ROS detoxification.

Expression of the genes coding for glutathione S-transferase (GSTS1, coded by
Crel6.9688550), glutathione peroxidase 5 (GPX5, Crel0.g458450), and Fe-superoxide
dismutase (Fe-SOD, Cre10.g436050) was very prominently increased: the log,-FC for the gene
coding for GSTS1 at Stage-1 was 10.29, whereas that for GPX5 and Fe-SOD genes were 6.95
and 4.75, respectively, compared with the control cells cultured in the detergent-containing
TAP medium with reliable significance (p-value < 0.05). Moreover, their logz-FCs maintained

high levels at Stage-1 through Stage-3 (Table 3.2).
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Reads per kb of transcript per million mapped reads (RPKM) for GSTS1-, GPX5-, and
Fe-SOD-coding genes were 2710 + 313.29, 4858 + 383.87, and 1883 + 222.20, respectively,
and these RPKM qualified as 115th, 99th, and 138th among 16,711 transcript detected genes at
Stage-1, respectively. Such an enhanced expression of the genes coding for antioxidant

enzymes seemed reasonable to restore the redox balance disrupted by ROS accumulation.

3.3.5. Overexpression of heat shock protein (HSP) genes

Twenty HSP genes (8 of them belonging to the HSP22, 9 to the HSP70, and 3 to the
HSP90 family) were coded in the C. reinhardtii genome. Ten genes out of these (6 from the
HSP22 family, three from the HSP70 family, and one from the HSP90 family) were largely

overexpressed (logz-FC > 4.0) when the cells were exposed to the 30-nm iBCA-NPs.

At Stage-1, six HSP22 family genes (HSP22B, HSP22A, HSP22C, HSP22D, HSP22E,
and HSP22F) were found to be highly overexpressed, having the following logz-FC values:
14.40, 14.22, 13.04, 12.04, 11.92, and 11.77, respectively (Table 3.2). Moreover, their
transcripts were found to be extremely abundant in the treated cells as shown by their RPKM
values at Stage-1: 2093 + 333, 3335 + 464, 1143 + 181, 82 + 4.93, 3640 + 666, and 2128 + 401
for HSP22B, HSP22A, HSP22C, HSP22D, HSP22E, and HSP22F genes, respectively. Their
RPKM values ranked 131st, 110th, 168th, 882nd, 108th, and 129th among the detected genes

at Stage-1, respectively.
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Our transcriptome data also revealed that overexpression of genes coding for the heat
shock factors HSF1 (Cre09.9387150) and HSF2 (Cre07.9g354500) were also elevated in
response to the 30-nm iBCA-NPs exposure: logz-FCs at Stage-1 were 3.41 and 2.01 for HSF1
and HSF2, respectively. Therefore, the observed overexpression of HSPs-coding genes seemed

to be intermediated by the elevated activity of HSFs.

3.3.6. Overexpression of cell wall lytic enzymes-coding genes

Considering that the exposure to the 30-nm iBCA-NPs induced protoplast-like cells, we
focused on genes whose function is annotated as “cell wall lytic enzyme,” based on the Pfam
annotation (https://pfam.xfam.org/). We succeeded in extracting 31 genes coding for cell wall
Iytic enzymes using Phytozome v. 12.1/ Chlamydomonas reinhardtii v. 5.5 (Table 3.3). None
of the detected transcripts corresponded to Cre17.g715800 at any stage or in the control samples,

suggesting that this gene is a pseudogene.

Transcriptomic data of Stage-1 cells showed that expression of 11 out of 31 genes
referenced in Table 3.3 were upregulated: six were significantly upregulated having log.-FC of
>3.0, whereas the others were <3.0 with a p-value of <0.05. Among these, Cre13.g605200 was
the most upregulated gene at all stages: the log.-FCs were 11.12, 11.54, and 11.73 at Stage-1,
-2, and -3, respectively, compared with the control cells cultured in the detergent-containing
TAP medium. The log.-FC value of Crel3.g605200 at Stage-1 was ranked 16th among the
detected genes at the same stage, suggesting a large amount of the enzyme. It is noteworthy
that logz-FCs for the remaining five cell wall Iytic enzyme genes at Stage-1 were limited to
3.08, 5.30, 3.88, 4.74, and 3.29 for Cre03.g201550, Cre03.9g201950, Cre09.g407050,

Crel7.9708450, and Crel7.9g728750, respectively.
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Interestingly, moderate overexpression of Crel3.g605200 was also detected by
exposure to either 2.5 mM H>0, or 200 mM NaCl, where cell mortality reached ~30%: the

log.-FC values were 4.67 for treatment with H20, and 3.02 for treatment with 200 mM NacCl

(Fig. 3.3).
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Figure 3.3. Gene expressions change of Crel3.g605200 triggered by three different stresses.
Chlamydomonas reinhardtii cells were exposed either to 2.5 mM H20,, 200 mM NacCl, or 300 mg
Lt 30-nm poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs) until the cell death ratio
reached ~30%. Data were normalized using eukaryotic translation initiation factor 1A (EIF1A) whose
expression was stable through the stages (RPKMs for EIF1A in Stage-1, -2, and -3 were 881.51 +
23.52, 888.39 + 36.96, and 1011.52 + 72.74, respectively). Results are shown as the mean ratios (+

SE) from three independent replicates. * p-value < 0.05, *** p-value < 0.001.
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3.3.7. Phylogenetic origin of Cre13.g605200 gene and its overexpression

The coded amino acid sequence of Crel3.9g605200 was manually aligned with three
well-studied cell wall lytic enzymes: gamete lytic enzyme (GLE), sporangin (SPR), and
zygospore germination enzyme (Z-lysin). Expected product of Crel3.g605200 contained a
cysteine- switch, a zinc-binding, a Met-turn, and a calcium binding motif (Fig. 3.4), which are

shared among GLE, SPR, and Z-lysin [27,28].
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Figure 3.4. Domain architectures for three types of cell wall hydrolytic enzymes and for
Crel3.9605200. Cys-switch: Specific region for applicability of the activation mechanism to the
members of the matrix metalloproteinase gene family; Met-turn: Conserved methionine site lying
within a hydrophobic base for the zinc-binding site. Numbers shown on the top of the domain
architectures refer to the amino acid position counted from the N-terminus. The schematic diagrams
for zygospore germination enzyme, gametolysin, and sporangin were redrawn from Kubo [27]. a.a:

amino acid residue.
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In summary, the deduced amino acid sequence of Crel3.g605200 displayed ~42%,
~40%, and ~34% similarity to GLE, SPR, and Z-lysin, respectively, whereas if the pre- and
pro-regions were excluded, these similarities were 41%, ~ 40%, and ~ 34%, respectively.
Interestingly, besides high similarity in amino acid sequences among these four proteins, length
and position of introns in the genes coding for these sequences are extremely diverse (Appendix

B, Fig. 2).

To investigate the origin of Cre13.g605200, molecular phylogenetic tree of 31 cell wall
Iytic enzymes was constructed using whole amino acid sequences by maximum likelihood
method [29]. Within the tree, the protein coded by this gene is located in the clade containing
GLE coded by Crel7.g718500, SPR coded by Cre09.g393700, and the protein coded by

Crel7.9718468 with a robust bootstrap support of 100% (Fig. 3.5).

In this clade, the protein coded by Cre13.g605200 was excluded from the core clade
composed of GLE, SPR, and the enzyme coded by Crel17.9718468 with 100% bootstrap support.
Unexpectedly, Z-lysin is located out of the Cre13.9g605200-containing clade, although it bears

all representative motifs found in GLE and SPR.
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Figure 3.5. Maximum likelihood tree of 31 cell wall hydrolytic enzymes based on amino
acid sequences. Multiple sequence alignment was carried out using ClustalW. Bootstrap

values are shown as results of 100 bootstrap iterations. Scale bar shows one amino acid

substitution per site.
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Among GLE, SPR, and Z-lysin, only GLE has cell wall-degrading activity for
vegetative growing cells [30,31], whereas the gene coding for this enzyme was found to be
slightly downregulated after exposure to 30-nm iBCA-NPs despite the appearance of
protoplast-like cells at Stage-1; the log.-FC value of the GLE-coding gene at this stage was
0.56 and the RPKM was limited to 25.78 £ 2.81. Conversely, RPKM of Cre13.9g605200 was as
high as 411.10 £ 52.84, 405.80 £ 32.21, and 342.70 + 37.78 at Stage-1, -2, and -3, respectively.
These results suggest that the appearance of protoplast-like cells is mainly attributed to the cell
wall hydrolytic activity coded by Cre13.9g605200. The same idea was strongly supported by the
fact that Cre13.g605200 tag-mutant showed limited appearance of protoplast-like cells as well

as strong resistance to nanoparticle exposure (see Section 3.3.8).

The expression of Cre09.9g393700, which codes for a sporangial cell wall-specific
hydrolytic enzyme (SPR), showed no drastic change. The log>-FCs at each stage were as
follows: Stage-1 = 2.60, Stage-2 = 2.14, and Stage-3 = 1.86. Z-lysin gene (Crel7.9g718450),
which codes for a zygospore cell wall-specific hydrolytic activity enzyme, clearly decreased as

shown by the log>-FCs: Stage-1 = —4.01, Stage-2 = —7.23, and Stage-3 = —2.93.

3.3.8. Cell mortality in the tag-inserted mutants for Crel13.9g605200 gene

We compared the contribution levels of GLE-coding and Cre13.g605200 genes in the
cell mortality caused by iBCA-NP exposure, considering our hypothesis that the conversion of
vegetative cells to protoplasts is essential for this process [10] and that neither SPR nor Z-lysin

has roles in the hydrolysis of walls of vegetative cells.
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Strains LMJ.RY0402.158615 (a tag-insertion mutant at an exon of Crel3.g605200) and
LMJ.RY0402.051804 (a tag-insertion mutant at an exon of the GLE-coding gene) were selected
from the CLIiP mutant library [32]. We compared the cell mortality of these strains after
exposure to the 30-nm iBCA-NPs at a concentration of 100 mg L. Consequently, cell
mortality of the tag-mutant (LMJ.RY0402.051804) for the GLE-coding gene was found not to

be significantly different from that of the CC-5325 mother cells (Fig. 3.6A), whereas the
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Figure 3.6. Cell mortality in tag-inserted mutants. (A) Cell mortality of the strain LMJ.RY0402.051804,
a tag-inserted gametolysin gene (Crel17.9718500) mutant, after exposure to 30-nm poly(isobutylcyano
acrylate) resin nanoparticles (iBCA-NPs) at a concentration of 100 mg L. (B) Cell mortality of the
strain LMJ.RY0402.158615, a tag-inserted Cre13.9g605200 gene mutant, after exposure to 30-nm iBCA-
NPs at a concentration of 100 mg L. CC-5325 is a parental strain of both tag-mutants.; ** p-value <
0.01, *** p-value < 0.001, ns = p > 0.05.
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mortality of the Crel13.9g605200 tag-mutant was clearly reduced (Fig. 3.6B). Such a clearly
visible tolerance of the Crel3.g605200-mutant indicates that its overexpression largely
contributed to the cell mortality rate, whereas the overexpression of the GLE-coding gene has

a negligible impact.

3.3.9. Analysis of amino acid sequence of Crel3.9g605200 protein using liquid
chromatography- tandem mass spectrometry (LC-MS/MS)

The enzyme coded by Cre13.9g605200 gene was partially purified from 30 nm-iBCA-
NPs-treated samples and analyzed by SDS-PAGE. SDS-PAGE showed that the enzyme
fraction contains three polypeptide with a molecular weight ranged from ~40 to ~55 kDa
(Appendix B, Fig. 3). Based on the calculated molecular weight of the mature protein coded by
Cre13.9605200 gene, most probably the major polypeptide with a molecular weight ~ 55 kDa
is corresponding to Cre13.g605200 protein. To confirm that, amino acid sequence of the major
polypeptide was analyzed by LC-MS/MS. Five major proteins, including the abundant proteins
in C.reinhardtii cell, ribulose-1,5-bisphosphate carboxylase/oxygenase (large subunit) and
beta-1 tubulin, were detected by LC-MS/MS and identified by National Center for
Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov) (data not shown).
However, LC-MS/MS failed to detect the protein coded by Crel13.9g605200 gene suggesting
that the concentration of Cre13.g605200 protein might be insufficient to be detected by LC-

MS/MS.

3.3.10. Expression of programmed cell death-related genes
We analyzed the gene expression changes of PCD-related genes induced by exposure

of 30-nm iBCA-NPs. We focused on the genes that have been annotated as “PCD” in
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Phytozome v. 12.1/ Chlamydomonas reinhardtii v. 5.5, i.e., a gene coding for endonuclease G
(Cre08.g362750), metacaspase type | (Crel2.g517451), metacaspase type Il (Cre03.9g184700),
and poly(ADP-ribose) polymerase 16 (Crel7.9738550) as well as an inhibitor of apoptosis-
promoting Bax1 gene (BAX1-1) (Cre01.9g061807) and p53 gene (Cre01.9032350). Hereafter, we
designated the genes that work to promote PCD progress with (Pro) and those that work to

repress PCD reaction with (Anti) based on the analyses in land plants and animals [33-36].

Both metacaspase type | (Pro)-coding gene and BAX1-1 (Anti)-coding gene were
upregulated with peaks at Stage-1 and Stage-3, respectively, whereas metacaspase type Il
(Pro)-coding gene was prominently depressed at any stage. Poly(ADP-ribose) polymerase 16
(Anti)-coding gene was depressed at least at Stage-1 and Stage-3, whereas the expression of the
endonuclease G (Pro)-coding gene was not largely upregulated at least at Stage-3. Moreover,

p53 (Pro) gene was slightly upregulated from Stage-1 through Stage-3 (Table 3.4).
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To investigate whether the induced cell death can be classified as PCD-like cell death,
we investigated the status of the isolated DNA after cells were coincubated with the
nanoparticles. Laddering DNA of nucleosome units, which is a hallmark of PCD [37], was
barely detected in the smeared DNA isolated from the C. reinhardtii cells exposed to 100 mg
L of the 180-nm iBCA-NP for 46 h (Fig. 3.7A), whereas much clear laddered DNA was
noted in cells treated with 50 mM H2O- for 3 h (Fig. 3.7B). This finding strongly supports the
hypothesis that cell death induced by iBCA-NPs is primarily a necrosis-like type, while it is

also partly related to the PCD-like type [38].

(A) 180-nm iBCA-NPs (B) H,0,exposure

M 4h 5h 6h M 0h 1h 3h

2322 bp
2027 bp

564 bp

125 bp

Figure 3.7. Genome DNA analyses after exposure to either poly(isobutylcyanoacrylate) resin
nanoparticles (iIBCA-NPs) or H2O,. (A) Chlamydomonas reinhardtii CC-400 wall-deficient
mutant cells were exposed to 100 mg L™* 180-nm iBCA-NPs for 4, 5, or 6 h. Subsequently,
the isolated DNA was stained with SYBR green after agarose gel electrophoresis. (B)
Chlamydomonas reinhardtii CC-124 wild type cells were exposed to 50 mM H>O2for 0 h, 1
h, or 3 h. After exposure, the isolated DNA was stained with SYBR green after agarose gel

electrophoresis.
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3.3.11. Comparison of the exposure effects of 30 nm- and the 180-nm poly(isobutylcyanoacryl
ate) resin nanoparticles

The 30 nm- and 180-nm iBCA-NPs were composed of the same monomer, isobutyl
cyanoacrylate, but synthesized using different detergents. We investigated whether the 180-nm
iIBCA-NPs have potency to induce overexpression of the genes that were found largely
overexpressed by 300 mg L 30-nm iBCA-NPs. RT-gPCR analyses were conducted for
transcripts coding for HSP22A, HSP22C, GPX5, Fe-SOD, GLE, SPR, and Cre13.g605200 of
the cells exposed to 100 mg L™t 180-nm iBCA-NPs for 3 h. After exposure to 100 mg L of
180-nm IBCA-NPs, the expression of Crel3.g605200 was prominently elevated at all cell
stages (logz-FCs: Stage-1 = 5.26, Stage-2 = 5.51, Stage-3 = 7.35), whereas the expressions of
both GLE (Crel7.9g718500) and SPR (Cre09.9393700) - coding genes were not largely changed

(Fig. 3.8A).
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Figure 3.8. Time-course changes in gametolysin (GLE), sporangin (SPR), and
Crel3.g605200 transcripts (A) HSP22A, HSP22C, GPX5, and Fe-SOD transcripts (B)
following the exposure to 100 mg L™ 180-nm poly(isobutylcyanoacrylate) resin
nanoparticles (iIBCA-NPs). Data were normalized using eukaryotic translation initiation
factor 1A (EIF1A) whose expression was stable through the stages (RPKMs for EIF1A in
Stage-1, -2, and -3 were 881.51 + 23.52, 888.39 + 36.96, and 1011.52 + 72.74, respectively).
Results are shown as the mean ratios (+SE) from three independent replicates, which were
obtained using 3 independently generated samples (3 biological replicates) by quantitative

reverse transcription PCR (RT-gPCR).
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Moreover, genes coding for both HSPs (HSP22A and HSP22C) and redox enzymes
(GPX5 and Fe-SOD) were overexpressed at all stages (Fig. 3.8B). Therefore, spectrum of the
overexpressed genes was well-conserved between the two iBCA-NPs irrespective of the

difference either in their size or used detergents.

3.3.12. Effect of detergents contained in the 30-nm poly(isobutylcyanoacrylate) resin
nanoparticles suspension

We investigated the effect of detergents present in the 30-nm iBCA-NPs suspension by
pairwise comparison of transcriptome data, one from the cells cultured in the mere TAP
medium and other from the cells cultured in the TAP medium containing detergents. After 2 h,
C. reinhardtii cells cultured in the TAP medium containing detergents showed no prominent
physiological difference from those cultured in the mere TAP. In particular, the ratios of mortal,
spheroplast-like, and ROS-positive cells were not prominently increased in any of the two-
culture media, suggesting a negligible effect of the two applied detergents (0.003%

NEOPELEX G-15 and 0.023% Tween 20).

We compared the transcriptome data obtained from cells cultured for 2 h in TAP
medium either with or without the addition of detergents. We focused on 46 genes: 31 cell wall
Iytic enzyme-coding genes, GSTS1 gene, GPX5 gene, Fe-SOD-coding gene, and 12 HSP
family genes. We found that 14 cell wall lytic enzyme-coding genes, GPX5, Fe-SOD-coding
gene as well as 6 HSP-coding genes were differentially expressed (p-value < 0.05) relative to
detergent addition (Appendix B, Table 5). However, their log..FCs were recorded to be <3,
except for Cre09.g407050 gene coding for cell wall lytic enzyme and Cre01.g020575 coding
for HSP22D. These results show that the effect of detergents on some genes should not be
neglected. However, the observed effects of detergents were considerably lower than those of

nanoparticles (Table 3.2 and 3.3).
96



3.4. Discussion

3.4.1. Overexpression of heat shock proteins- and reactive oxygen species (ROS)
scavenger-related genes

There was no critical difference recorded in the induced physiological abnormalities
caused by cell coincubation with 300 mg L™ 30-nm iBCA-NPs vs. 100 mg L™ 180-nm iBCA-
NPs. However, an increase in cell morality ratio was much slower after exposure to 180-nm
NPs than that after exposure to 30-nm NPs. This corroborates our previous finding that cell
mortality ratio increased proportionally to the invested total surface area of iBCA-NPs [10].
Moreover, prominently higher gene overexpression was detected after exposure to 30-nm NPs
than after exposure to 180-nm NPs: logz-FCs for Cre13.g605200, Fe-SOD-coding, and GPX5-
coding genes were 11.12, 4.75, and 6.95, respectively, using 30-nm particles at Stage-1 (Table
3.2 and 3.3), whereas the corresponding values for 180-nm particles’ treatment were 5.26, 1.80,
and 4.57, respectively (Fig. 3.8). Most probably, this difference reflects the extent of induced
ROS as can be concluded from the steeper increase in cell mortality after the treatment with

30-nm NPs compared with treatment with 180-nm NPs.

It has been reported that a sublethal level of ROS worked as a signal [39,40] to activate
pathways that bolster defense responses in land plants and multicellular animals [39,41]. The
same can be applicable to C. reinhardtii. Enrichment of HSPs, GPX5, GST1, and Fe-SOD is
extremely reasonable for the recovery from ROS damages. It has been reported that HSP22s
work to prevent protein aggregation and help in refolding the misfolded proteins [42], whereas
redox enzymes such as GPX5, GST1, and Fe-SOD play a role in the antioxidant defense
reactions [43,44]. In C. reinhardtii, singlet oxygen (*O2)-induced upregulation of both GPX5-
and GSTS1-coding genes has been reported [45], whereas an overexpression of GPX4- and
GPX5-coding genes by H20- is also well described [46]. In our study, expression of the GPX5-
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coding gene was largely enhanced (log>-FC at Stage-1 was 6.95), whereas that of GPX4 slightly
decreased (log.-FC was —2.14 at Stage-1) after exposure to iBCA-NPs. Such a different
response of these genes suggests that iBCA-NP exposure induces the generation of 1O but not

H,0,.

We noticed that the gene expression changes caused by ZnO nanoparticles (ZnO-NPs )
are similar to those induced by iBCA-NP application. Simon et al. [47] reported the
overexpression of HSP-coding genes (HSP22C, HSP70A, HSP90A, and HSP90B) and also that
of ROS detoxification-related genes such as those coding for GPX5 and GSTS1 after exposure
to 1 mg Lt ZnO-NPs (24-72 nm). However, the intensities of their upregulation were much
smaller for ZnO particles application than for the 30-nm iBCA-NPs: log>-FCs for HSP22C,
HSP70A, and HSP90A for the former were 3.87, 2.12, and 1.56, whereas these ratios for the

latter were 14.21, 5.18, and 5.23 at Stage-3 (2 h exposure), respectively.

In contrast, effects of TiO,-NP (15-31 nm diameter size, 1 mg L™, 2 h exposure) and
CdTe/CdS quantum dots (QDs) (3.9-4.7 nm diameter size, 0.125 mg L™, 2 h exposure) were
quite distinct from those caused either by ZnO-NPs [47] or iBCA-NPs. Intriguingly, the
expressions of GPX5-, GSTS1-, HSP22A-, HSP22C-, HSP70A-, and HSP90A-coding genes
were downregulated, whereas that of HSP90B was upregulated in C. reinhardtii by the

application of TiO2-NP and QDs [47].

Such difference may be mainly attributed to the extent of the generated ROS. In our
previous paper, by microscopic observation of the DCF fluorescence-positive cells, we have
shown that iBCA-NPs can induce much larger ROS production than either TiO2-NPs or ZnO-
NPs applied at the same concentration (100 mg L) [10]. Therefore, a higher overexpression
of antioxidant enzymes-coding genes after the application of iBCA-NPs relative to that of ZnO-

NPs, TiO2-NPs, or QDs might reflect the extent of the generated ROS levels.
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3.4.2. Burst expression of Cre13.g605200 gene coding for gamete lytic enzyme-like activity

Cell wall of the C. reinhardtii is composed of hydroxyproline-rich glycoproteins [48—
50]. These glycoproteins are subjected to modifications according to a life cycle stage [51-53].
Therefore, C. reinhardtii has three types of cell wall lytic enzymes having different
specificities: Z-lysin (Crel7.9718450), which breaks off the cell wall of zygospores to liberate
zoospores [30]; sporangin (V-lysin, Cre09.g393700), which mediates the breakdown of the
sporangial cell wall to release daughter cells from a mother cell; and GLE (gametolysin,
autolysin, Cre17.9g718500), which digests the cell walls of the gametes before mating. Among
these three types of enzymes, only GLE has a potential to additionally hydrolyze the cell wall

of vegetative cells [54].

In our previous papers, we have demonstrated that cell wall works as a physical barrier
to prevent cell death induction [10,11]. The appearance of spheroplast-like cells at Stage-1 is
likely to be related to the overexpression of Cre13.9605200. This is supported by the two facts
discovered in this study: first, expression of the authentic GLE-coding gene (Crel7.9718500)
was limited (at Stage-1, RPKM=25.78 + 2.81), whereas that of Cre13.9605200 was very high
(at Stage-1, RPKM=411.10 + 52.84) in the iBCA-NP-exposed cells and second, tag-insertion
mutant for Cre13.9g605200 showed significantly higher resistance to the nanoparticle inducing
cell death than the mother strain, whereas it was not significantly changed in the GLE gene

mutant (Fig. 3.6).

Nanoparticle exposure induced a prominent overexpression of Crel3.g605200 that
codes for a GLE-like enzyme. However, no induction was detected for the gametogenesis-
related genes whose upregulation has been reported [55,56]: no prominent gene expression
changes were recorded for any genes coding for GSM1 (homeobox protein transcription factor

coded by Cre08.9g375400), GSP1 (homeobox transcription factor coded by Cre02.9g109650),
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NSG1 (unknown function, Crel7.g708750), NSG5 (ribonucleoside-diphosphate reductase R1
coded by Crel12.g492950), and NSG10 (dUTP diphosphatase coded by Cre16.9667850). This
suggests that iBCA-NP exposure did not induce gametogenesis of the vegetative cells.
Therefore, it can be concluded that the overexpression of Crel3.9g605200 is not related to
gametogenesis. This is also supported by the fact that N-starvation induces the authentic GLE-

coding gene (Crel7.9718500), whereas the induction of Cre13.9605200 is limited [57].

Recently, it has been suggested that ROS functions as signaling molecules to control
stress-inducible pathways in plants [39]. ROS accumulation induced by the iBCA-NP exposure
suggests that overexpression of Cre13.g605200 is also intermediated by ROS signaling. This is
supported by our results in which 2.5 mM H>O treatment efficiently enhanced the
Crel3.9605200 expression compared with the application of 200 mM NacCl, in a situation when

the induced cell mortality was ~30% for both treatments (Fig. 3.3).

It is noteworthy that the cell wall of green microalgae is seamless and the original pores
residing in the cell wall have a diameter of 5-20 nm [4]. Therefore, iBCA-NPs used in this study
cannot go through the cell wall without severely damaging it because even the tiniest
nanoparticles present in the 30-nm iBCA-NPs are much larger than the pores (Appendix B, Fig.
1). Therefore, exerting damage to the cell wall is an essential step for nanoparticles to invade
the cell interior. Moreover, via transmission electron microscopy observation, it has been
shown that 30-nm iBCA-NPs-exposed cells contain nanoparticles in both cytosol and vacuoles
[10]. A barrier effect of the cell wall is further supported by our previous report that cell
mortality is induced in a much acute manner in the wall-less mutant compared with that in the
wild type in C. reinhardtii [10] and in an Emiliania huxleyi (Haptophyta) strain bearing no
coccoliths [11]. In the present study, we further reinforced the barrier effect of the C. reinhardtii
cell wall by the fact that Cre13.9g605200 mutant largely increased its resistance to nanoparticle
exposure.

100



In this study, we addressed a hypothesis that ROS burst is caused by the nanoparticles
invading the cell wall, inside of which they can bind to various proteins. It further leads to the
functional loss of these proteins by alteration of their three-dimensional structures [10]. This
deduction is based on the reports that cyanoacrylate nanoparticles can adsorb either bovine
serum albumin (BSA) or proteins present in rat serum [58]. Furthermore, our recent paper
reports that either BSA or skim milk coated 180-nm iBCA-NPs can drastically reduce the
ability to induce cell death in a Haptophyta species Prymnesium parvum [11]. Our hypothesis,
hence, contains an elegant explanation of why cell wall has a barrier effect to the nanoparticle-

triggered cell death.

3.4.3. Induced necrosis-like and programmed cell death-like cell deaths by coincubation
with poly(isobutylcyanoacrylate) resin nanoparticles

The stress caused by UV [59] or menadione [60] can induce PCD-like cell death in C.
reinhardtii as exemplified by the occurrence of laddered DNA. We presume that the first
response to exposure to nanoparticles is the activation of ROS-mediated signaling pathways
toward resisting the limited oxidative damage, which is supported by the elevation of both
redox-related and HSP-coding genes at Stage-1. Next, by the following burst of ROS, necrosis-
like cell death must be induced, as represented by the smeary degraded DNA. DNA damage-
induced necrosis pathway mediated by ATP depletion followed by poly(ADP-ribose)
polymerase activation is well-studied [61]. Direct chemical reactions of the accumulated ROS
with intracellular substances such as proteins, lipids, and DNA [62] might lead to necrosis-like
cell death. However, induced cell death was shown to be partly accompanied by PCD-like cell
death as observed by the slightly detected laddering DNA in the smeared DNA profiles (Fig.
3.7).

Currently, it is extremely clear that C. reinhardtii possesses signaling pathways for
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PCD-like cell death because the key genes for PCD such as metacaspase | and I1-coding genes
have been detected [21,63] and appearance of laddering DNA of nucleosome units has been
reported [59,60,64]. However, there are no literature data for microalgae to show primary signal
pathways of the PCD and the identity of enrolled proteins. Moreover, some green microalgal
species (Ostreococcus tauri, O. lucimarinus, and Micromonas sp. RCC299) have only the
initiator metacaspase type | gene, but lack the effector metacaspase type Il gene that plays a

role in digesting the target proteins [63].

In this study, we recorded the chronological transcriptome changes in the iBCA-NP-
treated cells, which lead to cell death that partly includes the PCD-like type. In land plants and
animals, the overexpression of BAX (Pro), endonuclease G (Pro), and p53 (Pro) genes and
downregulation of Bcl-2 (Anti) gene are very commonly detected as change in PCD-related
gene expression in a wide range of species [65,66]. However, in C. reinhardtii, a decrease in
both endonuclease G (Pro) and metacaspase Il (Pro) was observed. Moreover, irrespective of
the overexpression of a Bcl-2 family gene, BAX1-I (Anti), we could not find the target of the
inhibitor protein BAX (Pro) or BAK (Pro) in the C. reinhardtii genome. According to these
results, it can be speculated that C. reinhardtii have developed a unique PCD pathway that is
rather different from well-described cell death strategies detected in land plants and animals.

Further studies are warranted to uncover the PCD-signaling pathways in microalgae.
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CHAPTER FOUR: GENERAL CONCLUSION

The intensive use of ENPs in industrial and medical applications and their inadequate
disposal into the environment raise the concern of their toxic effect on living organisms. In this
study, acrylic resin nanoparticles derived from isobutyl cyanoacrylate monomers (iBCA-NPs)
were tested for their physiological and molecular effect on different algal species. It was found
that iIBCA-NPs induced acute cell death in different algal species belonging to the SAR and
Hacrobia clades. The induced cell death was accompanied by ROS accumulation, where the
ROS level increased along with an increase of the cell death ratio. However, the addition of an
ROS scavenger (NAC) significantly reduced the cell death ratio. Moreover, disorders of both
mitochondria and chloroplast structures in R. atrorosea cells were detected using TEM images.
The variation in the algal cell covering structure indicates different sensitivities to iBCA-NPs.
High sensitivity to iBCA-NPs was detected in species bearing no cell covering or a cell covering
that easily allows the invasion of NPs, suggesting that the target of NPs to induce cell death,

most probably proteins, is located inside the cell walls.

IBCA-NPs also induced the expression of antioxidant enzymes and HSP genes in C.
reinhardtii. Overexpression of these genes enables cells to cope with oxidative stress caused
by NPs. Besides that, one of the cell wall hydrolytic enzyme-coding genes, Cre13.9g605200,
was largely overexpressed. The tag-insertion mutants of this gene showed remarkable
resistance to nanoparticle-induced cell death, suggesting that overexpression of this gene is
essential to induce efficient cell death by the exposure of iBCA-NPs. Moreover, the status of
isolated DNA following the exposure to iBCA-NPs indicated that iBCA-NPs induced necrosis-

like cell death, which is partly accompanied by PCD-like cell death.
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APPENDIX A: SUPPORTING FIGURES AND VIDEOS FOR CHAPTER
TWO

intensity(%)

10.0 100.0
Diameter (nm)

Figure 1. Particle size distribution of poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-
NPs) measured based on the dynamic light scattering method. Red line shows accumulated

intensity.

Cryptomonas ovata NIES-274 Rhodomonas atrorosea NIES-699

o - --

Figure 2. 2',7'- dichlorofluorescein (DCF) fluorescence observed in Cryptomonas ovata NIES-

274 (Cryptophyta) and Rhodomonas atrorosea NIES-699 (Cryptophyta) after a 1-h exposure
to poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs) at 100 mg L. Left panels show
fluorescence images, while right panels are bright-field images. Control, cells were cultured in

a normal medium. Surfactant, cells were cultured in the dextran-containing medium. Bar, 20

um.
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Control iBCA-NP exposed cells

Figure 3. Changes in the color of Rhodomonas atrorosea. Cells were exposed to
poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs) at 100 mg L™ for 24 h and then
centrifuged. Control, cells not exposed to iBCA-NPs.
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Figure 4. Time-course changes in cell mortality in Prymnesium parvum by the exposure of
different concentrations (w/v) of poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs).
Results are shown as the mean ratios (= SE) from three independent experiments. Values with

different superscript letters are significantly different at each measured time point (p < 0.05).
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o

Video 1 (A).mp4

Video 1A. Dark field microscopic observation for the collision of poly(isobutylcyanoacrylate)
resin nanoparticles (iIBCA-NPs) with the cells of Prymnesium parvum.

ol

Video 1 (B).mp4

Video 1B. Dark field microscopic observation for the abonormal swimming pattern and the
apperance of protoplast-like cells of Prymnesium parvum following 1 h exposure to
poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs).
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APPENDIX B: SUPPORTING FIGURES AND TABLES FOR CHAPTER
THREE
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Figure 1. Particle size distribution of 30 nm-sized poly(isobutylcyanoacrylate) resin
nanoparticles (iBCA-NPs). (A) Particle size distribution of 1% 30 nm-sized iBCA-NPs
measured immediately after synthesis. (B) Particle size distribution of 1% 30 nm-sized iBCA-
NPs measured after two cycles of sedimentation. Red line shows cumulative intensity.
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Cre17.9718500.11.1 (5,672 bp)

Zygospore germination enzyme
Cre17.g718450.t1.1 (3,752 bp)

enzyme
Cre17.9718468.11.2 (5,865 bp)

Cre09.g393700.t1.1 (5,247 bp)

Vegetative cell wall lytic

enzyme
Cre13.9605200.12.1 (5,865 bp)

Figure 2. Exon-intron arrangement in cell wall hydrolytic enzymes-coding genes. Exons are

shown as black rectangles, while introns are presented as solid lines. UTR, untranslated region.
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Figure 3. SDS-polyacrylamide gel electrophoresis of the partially purified Cre13.9605200
enzyme. Enzyme fraction from TAP cultured control cells containing detergents (lane 1);

enzyme fraction from treated cells with 300 mg L* of 30-nm poly(isobutylcyanoacrylate) resin

nanoparticles (iBCA-NPs) (lanes 2-4); M, protein marker.
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Table 2. Ratios of cell mortality induced by 30-nm poly(isobutylcyanoacrylate) resin
nanoparticles (iBCA-NPs)

Treatment time Cell mortality ratio?
10 min (Stage-1) 2.67 +0.98
60 min (Stage-2) 15.00 £ 1.41

120 min (Stage-3) 32.33+1.19

2 Results are shown as the mean ratios (£SE) from three independent experiments.

Table 3. Ratios of 2',7'- dichlorofluorescein (DCF) fluorescence positive cells induced by 30-

nm poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs).

Treatment time 2',7'- dichlorofluorescein (DCF)
fluorescence positive cells ratio?
10 min (Stage-1) 0.67+£0.24
60 min (Stage-2) 9.67 £0.85
120 min (Stage-3)  24.00 + 0.82

4Results are shown as the mean ratios (+SE) from three independent experiments.

Table 4. Ratios of cell mortality induced by 180-nm poly(isobutylcyanoacrylate) resin
nanoparticles (iBCA-NPs)

Treatment time Cell mortality ratio?
60 min (Stage-1) 2.00 +0.47

120 min (Stage-2)  14.00 + 1.69

180 min (Stage-3)  31.67 = 3.60

2Results are shown as the mean ratios (+SE) from three independent experiments
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Video 1.mp4
Video 1. Chlamydomonas reinhardtii cells exposed to the detergent-reduced 30-nm
poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs) at a concentration of 300 mg L
for 3 min.

ol
Video 2.mp4

Video 2. A Chlamydomonas reinhardtii cell exposed to detergent-reduced 30-nm
poly(isobutylcyanoacrylate) resin nanoparticles (iBCA-NPs) at a concentration of 300 mg L™

for 60 min. The bright spots in the enlarged vacuole in Brownian motion are nanoparticles.
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