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ABSTRACT

The wide use of plastics has resulted in not only the accumulation of macroplastic pollution in the
aquatic environment but also plastic particles at micro and nano levels (MPs and NPs).
Accumulation of these MPs and NPs have numerous adverse effects on the morphology, behavior,
and reproduction of living organisms. In this study, we investigated the effects of NPs on the
embryonic development of Biomphalaria glabrata, a commonly used gastropod in toxicology
studies. This study identified the adsorption of NPs by the embryos of B. glabrata and showed
evidence of NP absorption by the hatched juveniles. NP bioaccumulation subsequently triggered
the alteration in the expression of several stress response genes, including heat shock protein-70
(HSP70), cytochrome P450 (CYP450), and macrophage migration inhibitory factor (MIF). With
the influence of NPs, the hatching rates of B. glabrata embryos varied depending on the sizes of

NPs. In addition, the NPs with mean diameters of 1.0 um or 0.03 um led to higher embryo mortality
rates than 0.5 um NPs. This preliminary study demonstrated the impact of NPs on the development

of B. glabrata embryos. Further studies on the mechanism of NP toxic effects are desired.
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Figure 1: Graphical representation of abstract.
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1. INTRODUCTION

Plastic Pollution

While microplastics have become a widely recognized issue facing the environment, the
recognition of micro and nano-sized plastics has been met with increasing concern from the
scientific community (Koelmans et al., 2015). Approximately eight billion tons of plastic waste
are estimated to enter oceans annually, and roughly 80% of microplastic in the ocean is from land-
based sources (Jambeck et al., 2015; Rochman, 2018). Tons of manufactured micro/nanoplastics
(MNPs) enter environments through anthropological wastewater effluent as they cannot be
efficiently removed from wastewater treatment systems (Murphy et al., 2016), or they are
generated from the degradation of macroplastics via photolysis, oxidization, and biological
metabolization (Eubeler et al., 2009). Although some larger plastic particles can be removed from
wastewater, the removal efficacy is low for smaller particles (10-300 pum) (Browne et al., 2011).
The estimated concentration of the microplastics discharged into the water is around 0.25 mg/L
(Murphy et al., 2016). These microplastic particles accumulate in freshwaters and can result in
higher concentrations over time.

The degradation of plastics also contributes to the increasing concentration of MNPs in the
environment. Once plastics enter the environment, they become brittle through chemical, physical,
and biological processes, collectively termed weathering (Eubeler et al., 2009). Over time,
weathering of these plastic pieces degrades them into various sizes of plastic particles, including
microplastics (1 um - 5mm) and nanoplastics (Lambert & Wagner, 2016). There is no consensus
in the literature regarding the classification of nanoplastics to a specific size range. However, they
are often described as plastic (synthetic polymeric) particles ranging from 0.1 um to 1.0 pm in

diameter (da Costa et al., 2018; Lehner et al., 2019), whereas The National Science Foundation



defines nanoplastic as particles under 0.1 um. Recent studies reported the degradation of several
types of plastics under simulated environmental conditions. One study demonstrated the weathered
polyethylene (PE) microplastics which showed microcracking in eight weeks, and another
degraded polystyrene (PS) which saw the formation of nanoparticles (NPs) in four weeks (da Costa
et al., 2018; Lambert & Wagner, 2016).

One of the most pressing issues surrounding micro and nanoplastics is the lack of data
regarding the environmental distribution. Without the availability of data quantifying current
environmental concentrations, it is difficult to accurately assess ecological health impacts
(Bouwmeester et al., 2015). Other urgent topics meriting further investigation include MNP end
fates in the environment, trophic transfer, effects of chronic exposure, and potential
transgenerational effects for a more comprehensive understanding of MNP risk in aquatic
environments (Chae et al., 2017; Lehner et al., 2019). Lastly, the toxicity of MNPs in freshwater
environments has been grossly under-investigated compared to marine environments (Chae et al.,
2017), though research has collectively demonstrated that MNPs toxicity is dependent on multiple
factors, including environmental conditions and species (Tosetto et al., 2016; Kashiwada, 2006);
Rainieri et al., 2018; Green et al., 2016; Kogel et al., 2020).

Nanoplastic Toxicity to Aquatic Organisms

Numerous studies have shown that NPs at various concentrations have the potential to
inhibit adult growth, alter normal development, modify behavior, and decrease survival rates in
aquatic organisms (Balbi et al., 2017; Cui et al., 2017; Lee et al., 2013; Pitt et al., 2018). Due to
the small size, NPs may also cross biological membranes, causing adverse effects on a cellular
scale (S6kmen et al., 2020). Studies have shown that NPs interact differently within the

environment when compared with MPs composed of the same material. This finding has revealed
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the need for additional research, specifically on nanoplastic interactions in diverse environments
and organisms (Maurer-Jones et al., 2013; Zhang & Coultas, 2011).

Another factor to consider is the sedimentation of these NPs, due to the density of the
particles, agglomeration, and the occurrence of biofouling (Cole et al., 2016; Lagarde et al., 2016;
Long et al., 2015; Martin et al., 2017; van Cauwenberghe et al., 2013) Thus, bottom feeders are
unique because their ecological niche increases their potential to interact with MNPs in aquatic
environments through absorption and ingestion, putting them at higher risk for nanoplastic
bioaccumulation and therefore increasing the potential for transfer to higher trophic levels (Liu et
al., 2014; Luo et al., 2015).

Research Model Biomphalaria glabrata

Invertebrate species are frequently used to biomonitor water quality due to their sensitivity
to environmental disturbances (Besseling et al., 2014; Browne et al., 2008; Oliveira-Filho et al.,
2016; Tallec et al., 2018) Biomphalaria glabrata (Mollusca, Gastropoda), commonly known as a
blood fluke planorb, is a freshwater pulmonated, hermaphroditic snail species commonly used in
toxicological studies (Caixeta et al., 2021; Tallarico, 2015; Lima et al., 2019; Oliveira-Filho et al.,
2016, 2017, and 2019). They typically live in shallow water and are generalist herbivores that feed
on the detritus of freshwater ecosystems by scraping or cutting the bottom substrate with their
radula (Thomas et al., 1985)

The genome of B. glabrata has been sequenced and annotated (Hillier et al., 2017) due to
their interest in human health parasitology studies. In research of environmental toxicology, B.
glabrata demonstrated high sensitivity to nanoscale pollutants (i.e., metals, Ag, y-Fe2Os, iron
oxide nanoparticles, and cadmium telluride quantum dots) (Caixeta et al., 2021; Lima et al., 2019;

Tallarico, 2015; Oliveira-Filho et al., 2016 and 2019). Furthermore, studies that have employed B.



glabrata to investigate nanoparticle ecotoxicity have identified reproductive and developmental
biomarkers (Caixeta et al., 2021; Oliveira-Filho et al., 2016, and 2019). They are also small, cost-
efficient, and require low maintenance in a laboratory setting. This model has yet to be utilized to
study MNPs pollution.

The lifespan of B. glabrata is short. In laboratory conditions, they often do not live past 12
months, and the embryos develop within six to eight days (Pimentel, 1957; Toledo & Fried, 2011).
The early embryonic development of B. glabrata follows the pattern of spiral holoblastic cleavage
as the most common cleavage method employed by most mollusk embryos. Egg masses are
translucent yellow-brown with an outer protective membrane surrounding an average of twenty
egg capsules per mass, allowing clear visualization of development, which can be seen in Figure

2.

Figure 2: Single B. glabrata egg mass with 24 eggs encapsulated by an outer membrane,
with embryos in the blastula phase of development (~15 hours old).



In an average of eight days, juveniles typically emerge less than 1.0 mm in diameter and
are sexually mature within eight to ten weeks, and are roughly 10 to 11 mm in diameter (Pimentel,
1957). Biomphalaria glabrata is a promising species to study toxicological effects over ontogeny
and generationally due to their life history and ecology (Tallarico, 2015; Oliveira-Filho et al.,
2017). In laboratory conditions, the average survival longevity is 12 to 24 months, and snails can
produce as many as 10,000 eggs per year. Their development within the egg takes roughly six to
eight days and matures within ten weeks (Pimentel, 1957). Snails mature and begin oviposition
between sizes ranging from 6.9 mm to 10.5 mm, which takes an average of 10 weeks to obtain
(Pimentel, 1957). At this size range, snails typically produce 0-8 eggs per week with 2 — 31 eggs
per mass, and as snails age, their fecundity and eggs per mass increase (Pimentel, 1957). This
presents an exciting opportunity to study nanoplastic ecotoxicity using a gastropod model that also
shows potential for being used as a biomonitoring tool for nanoparticle pollution in freshwater

environments.

Figure 3: Early development stages of B. glabrata. (A) Blastula (15 hours post spawning, hps),
(B) gastulae (26 hps), (C) trochophore (43 hps), (D) veliger (96 hps), (E) hippo-stage (120
hps), and (F) a newly hatched snail (144 hps).



Obijectives and Hypothesis

This study aimed to investigate 1) the pathogenic pathways of NPs using B. glabrata, 2)
toxicity and genetic response during embryonic development, and 3) the effects on embryonic
mortality and hatching. It is hypothesized that the polystyrene nanoplastic particles below a
specific size will be accumulated in the embryos of B. glabrata and result in the alteration in
embryonic development as well as the genetic responses of the embryos. The protocols developed
under this study will also provide a reference for the use of B. glabrata as an indicator for

ecotoxicology studies.



2. MATERIALS AND METHODS

Nanoplastic Characterization and Preparation

Three sizes of PNPs that were used are 0.03 pum, 0.5 pm, and 1.0 ym, at 1.0 ppm
concentrations. The PNPs used were fluorescently tagged, spherical latex beads with carboxylate-
modified polystyrene in aqueous suspension purchased from Sigma Aldrich, St. Louis, MO
(Product Number: 0.03 um -L5155, 0.5 um — L2380, 1.0 um — L4655). The PNP stocking solutions
came in concentrations of 25,000 ppm, which were then diluted with "snail water” to make 1.0
ppm concentration treatments. See "Study Animals"” for the snail water description. Treatments
were stored at 26°C in 25 mL falcon tubes wrapped in tin foil and thoroughly resuspended to
ensure homogeneity of treatment before using again. Control treatments consisted of filtered snail
water, the same as what the adults are reared in.

Study Animals

Fifteen four-month-old pigmented individuals between 8.0 and 12.0 mm in shell diameter,
weighing between 0.24 g and 0.32 g, were used as egg producers for egg collections. Pigmented
individuals were used for consistency and were chosen over unpigmented because they made up a
larger portion of the housed population. The fifteen B. glabrata individuals (BB02 strain) were
reared from a breeding stock obtained from the Department of Bioscience at Rice University.
BBO02 (Biomphalaria from Barreiro caught in 2002) strain was generated from field isolates in
Brazil, and their genomic DNA was used as the template to produce the BAC (Bacterial Artificial
Chromosome) library or a Bacterial Artificial Chromosome library, which stores fragments of
DNA for simpler sequencing. Snails were reared in laboratory conditions in two-quart (7x11 in.)
Pyrex pans filled with 1.0 L of filtered snail water. Tanks were stored in an incubator set to 26°C

with alternating 12-hour light and dark cycles. Snail water was made by mixing 0.5 g of reef



crystals instant ocean and 1.0 g of sodium bicarbonate in 5.0 L of reverse osmosis (RO) water
overnight. Before use, mixed snail water was filtered using a 1 L, 0.2 um polyethersulfone (PES)
membrane vacuum filter. Snails were fed a diet of spinach and green leaf lettuce, which was
changed every other day. Each Pyrex pan held 15 individual animals, fecal matter was removed
every two days using an electric pipette, and fresh snail water was added to maintain water levels
at 1.0 L per tank.

Experimental Design

In the wild egg, masses were laid on a hard substrate or submerged vegetation, while in the
laboratory, they preferred to lay on Styrofoam, glass walls, lettuce, or the shells of others.
Styrofoam floats were placed in tanks overnight for snails to lay their embryos on and collected
15 hours later, while still in the blastula stage of development, to start treatment. Egg masses were
carefully removed and inspected for any damage or abnormalities before being placed in a 24-well
plate and randomly assigned a treatment. All excess water was removed before adding 2 mL of
either aqueous PNP solution for the treatment groups or filtered snail water for the control groups
to each well. Eggs were incubated at 26 °C with 12-hour light and dark cycles for the next 144
hours (6 days) and only removed for brief monitoring every 24 hours.

Florescent Quantification Assays

To estimate the total amount of PNP accumulation in the egg mass, PNPs left in the water
after each day of treatment were quantified using a Cytation5 photospectrometry-based plate
reader (BioTek Instruments, Winooski, VT). First, a standard curve was created using three known
NP concentrations of 0.1, 1.0, and 10 ppm, which was used to normalize the data showing the
changes in fluorescent intensity over the treatment duration. Standard curves were made for each

of the NP sizes of 0.03, 0.5, and 1.0 um. Embryos were cultured in their respective treatments for



six days, the entire embryonic development period, and a 100 uL water sample was taken from the
same well every 24 hours for the six-day treatment duration. This experiment had three replicates
for each treatment at each time point (n=3). Water samples were stored in a microcentrifuge tube
wrapped in paraffin and stored at 4°C until ready for processing. Water samples were added to a
96-well plate, and the intensity of the fluorescent signal was quantified using the Cytation5
(BioTek Instruments, Winooski, VT) plate reader. The 0.03 um and 1.0 pum yellow-green
fluorescent PNPs have an emission wavelength of 505 nm with an excitation wavelength of 470
nm. The emission wavelength for the red 0.05 um PNPs is 540nm with an excitation wavelength
of 475 nm. Fluorescent intensity readings of the treatments were normalized with the respective
blank average of each treatment.

Nanoplastic Bioaccumulation

Qualitative fluorescent imaging was used to visualize the accumulation and uptake of PNPs
over the five-day treatment period. Eggs were collected within 15 HPS and randomly assigned a
treatment. A standard inverted microscope (Olympus Co., Tokyo, Japan) equipped with a mercury
lamp and a CCD camera was used to monitor the accumulation of the fluorescent PNP's on the
surface of the egg mass and hatched juveniles for potential PNPs in their shell and or soft tissues.
An egg mass from each treatment group and control group was collected every 24 hours post-
treatment (HPT) and sacrificed to be imaged. To avoid fluorescent bleaching in our imaging
results, egg masses were not used again after being exposed to the mercury lamp during imaging.
Egg masses collected for imaging were gently removed from the well and rinsed with control snail
water to wash off any NPs that were only sitting on the surface and were not imaged in treatment
water. After 72 (HPT), eggs were also temperature shocked in a small amount of control water at

4°C for 10 — 20 minutes, depending on the developmental stage, to reduce the movement. Snail



movement within the egg capsule after 72 HPS begins to compromise the integrity of the
fluorescent image. This method of temperature shocking the egg mass to reduce embryonic
movement for fluorescent imaging was developed during this study. To monitor hatched juveniles
for NPs, at 120 HPT, egg masses were carefully removed from treatment water, rinsed, and placed
into a new well with control water for the snails to hatch. This was to ensure NP in the water and
sitting on the surface of the egg mass would not accumulate on the juvenile as it emerges.

Gene Expression Analysis

Four egg masses from treatment groups and control groups were collected in 500 pL of
TRIzol reagent and stored at 80 °C for use in gene expression analysis. RNA extractions were
performed following standard extraction and purification procedures (Toni et al., 2018). After
RNA extraction was complete, the purity and quality (260/280 nm values) of each sample were
evaluated, and RNA was quantified in ng/uL using the Eppendorf BioSpectrometer (Eppendorf
Biotech, Hamburg, Germany). The average ratio of the 260/280 nm values was 1.5. RNA samples
of sufficient quality were diluted in molecular water for cDNA synthesis, which was performed
using the Invitrogen SuperScript 1V reverse transcription system with a random hexamer primer
(Invitrogen Co., Carlsbad, CA). Samples were processed in the Thermocycler (Thermo Fisher
Scientific, Waltham, MA) according to the predetermined timeline for the SuperScript IV
transcription kit, and the cDNA products were stored at -20°C for downstream processing. Within
literature n=3 is a common sample size, though for this study n=4 was used as means to potentially
increase the validity and normality of the data.

The relative gene expression of five known genes relating to xenobiotic, environmental
stress, and innate immune responses was quantified by quantitative PCR (qPCR) using the Thermo

Fisher QuantStudio 3 (Thermo Fisher Scientific, Waltham, MA) gPCR instrument. Genes were



Table 1: List and descriptions of B. Glabrata genes used in this study.

Target Gene Protein Encoded Primer Pair Sequence Gene Description
F:5-TCT CCA CCT
Glyceraldehyde 3- CCC TAC AGA AA-3 Reference Gene
GAPDH phosphate R:5’- GGA AGT TGT (Giusti et al., 2013)
dehydrogenase CCG AAT GGA GTAT - N
33
F: 5’-AAG AGA AGC
ACCACCATTCC-3 Environmental stress
HSP70 Heat Shock Protein-70 | R: 5- CGA TGT CGA response
ATG TGA CCT CTATC | (Song et al., 2014)
-3
F:5’- CAG CAG ACA
GGA AAG ACC TAAT - | Xenobiotic stimuli
CYP450 Cytochrome P450 3 response
R:5'CAC TTC GAC (Whalen et al., 2010)
ACT GAC AGA TCC -3
- CAATCATTAGC-3 N
MATN1 Matrilin-1 R 5'- CAT ATA CTG g(l:\l/t;rlitre)rﬁgwnt?[ryonlc
GAT GGC CCT -3 (Bouchut, 2006)
Macrophage F:5- TGC CAG CCC
MIF Miaration Inhibition TGT TCT GTC A-3' Stress response
Facgtor R:5'-TCC CTT GAG (Garcia et al., 2010)
GTC TTAATCAC -3

selected due to their use in previous animal ecology and ecotoxicology studies or their use in other
experiments using B. glabrata. To test the relative gene expression changes between PNP
treatment groups and control groups, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a reference gene to normalize the data of the following genes: cytochrome P450
(CYP32A1), heat shock protein 70 B2-like (HSP70), macrophage migration inhibition factor
(MIF) and matrilin (MATNZ1). The primers for this study were designed through Integrated DNA

Technologies' custom primers website (IDT, USA), using the available sequences from the NCBI



gene bank, which can be seen in Table 1. Primers were tested and confirmed using PCR and gel
electrophoresis before being used for gPCR analysis. The delta-delta-CT or DDCT algorithm was
used to analyze the relative changes in gene expression in comparison to the housekeeping gene.

Acute Toxicity Assay

Every 24 hours for five days (24, 48-, 72-, 96-, and 120 HPT egg masses (n=6) from each
treatment were monitored under a stereomicroscope for embryo mortality rate (EM) and hatching
rate (HR) (Caixeta et at., 2021). The EM (%) was calculated by dividing the number of dead
embryos by the total number of embryos per clutch and then multiplying by 100 (Caixeta et at.,
2021; OCED, 2016; Melo et at., 2019). Deceased embryos were identified by lack of movement
and heartbeat or if the embryo began to disintegrate (Oliveira et at., 2010). HR (%) was calculated
by dividing the number of hatched snails by the total number of embryos per clutch and then
multiplying by 100 (Caixeta et at., 2021; Melo et at., 2019). The hatched snail had to have left the
egg mass entirely and not just the egg capsule to be counted.

Statistical Analysis

Statistical analyses were conducted in Rstudio. Fluorescent quantification, hatching rate,
mortality rate, and qPCR data were parametric; thus, a Shapiro-Wilk test was used to test for
normality and was followed by one-way ANOVA for significance (p-value <0.05). The difference

in treatment groups over each time point was evaluated using a Tukey's test.



3. RESULTS

Florescent Quantification Assays

The results of measuring the intensity of the NP's fluorescent intensity using photo
spectrometry analysis of water samples showed fewer NPs were detected in the treatment water at
the end of 120 hours compared to the starting treatment at 0 Hours across all treatments. A standard
curve was created using three concentrations known concentrations of 0.1, 1.0, and 10.0 ppm for

0.03 um NPs absorbed and the standard curve for 0.03 um treatment fluorescence intensity

readings with the trendline equation (y = 484.61x — 250.32; R?= 0.9925). Figure 5 shows the
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Figure 4: Estimation of NP 0.03 um absorption by B. glabrata embryos (n=3).
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Figure 5: Estimation of NP 0.5 um absorption by B. glabrata embryos (n=3).



Standard Curve of 1.0 um NPs 1.0 um NPs
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Figure 6: Estimation of NP 1.0 um absorption by B. glabrata embryos (n=3).

estimation of 0.5 um NPs absorbed and the standard curve for 0.5 um treatment fluorescence
intensity readings with the trendline equation (y = 11.58x + 34.903; R?= 0.8424). Figure 6 shows
the estimation of 1.0 um NPs absorbed the standard curve for 1.0 um treatment fluorescence
intensity readings with the trendline equation (y = 460.01x + 1268.2; R?= 0.8438).

Nanoplastic Bioaccumulation

Fluorescent imaging of egg masses exposed to fluorescently tagged PNPs showed
bioaccumulation of PNPs on the surface of the egg masses across all three treatments (Figures 7-
11). Though these images in Figures 7-10 could not serve as a clear indicator for PNP migration
through the outer membrane and uptake by the embryo, increased NP density on the surface could
be visualized by increased diameter of fluorescent signals. Colors to fluorescent images were
added using image processing software (Imagel). Figure 7 shows a visual comparison of the
treatments over each 24-hour time point and how bioaccumulation of NP on the outer surface of
the egg mass increases with exposure time.

Fluorescent images of treatment 0.03 um at 24 HPT and 96 HPT can be seen in Figure 8.

Treatment 0.03 um had a single florescent signal at 24 HPT. At 96 HPT, many more NPs can be

visualized as well as clusters of NPs which is suggested by the increased diameter of fluorescent



Image Time Points
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Figure 7: Flourescent image compairison of treatments over exposure time. Flourescent
signals can be seen as early as 24 HPT and bioaccmulation increases over treatmenr

signals. The 0.03 um NPs seemed to group with fewer signals seen between the larger

glomerations. Fluorescent images of treatment 0.5 um at 24 HPT and 96 HPT can be seen in Figure
9. Treatment 0.5 um at 24 HPT was sparsely covered in NPs with a few clusters. By 96 HPT, there
were many more clusters with many small signals in-between. Fluorescent images of treatment 1.0
um at 24 HPT and 96 HPT can be seen in Figure 10. At 24 HPT treatment of 1.0 um, the egg mass
had only an area with clusters of NPs. At 96 HPT, much of the surface is covered in NPs and has
larger clusters than seen in the previous treatments.

Fluorescent scanning using a standard, inverted microscope only allowed visualizing of
NPs on the outside of the egg mass, but internal distribution was able to be detected by conducting
a Z-scan on a Zeiss confocal scope (Figure 11). The Z-scan image showed that 0.03 um PNPs at

10.0 ppm were able to penetrate the outer membrane. None of the 1.0 ppm treatments produced
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Figure 8: Flourescent images of treatment 0.03um at 24 HPT and 96 HPT.
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Figure 9: Flourescent images of treatment 0.5 um at 24 HPT and 96 HPT.
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Figure 10: Flourescent images of treatment 1.0 um at 24 HPT and 96 HPT.



; f 5 | DAPI

Figure 11: Imaging of fluorescent polystyrene in B. glabrata. Embryos of B. glabrata
developed for 5 days (a and b) were treated with 0.03 um fluorescent PNPs at 10.0 ppm. The
fluorescent signals can be seen on the surface of the egg mass with a scanning fluorescent

microscope (c), but the internal distribution of PNPs can only be detected by Z-scan with
Zeiss confocal scope (d).

500 um - "~ 1.0mm

Figure 12: Fluorescent image of emerged juvenile snail with four perfectly spherical signals

coming from the shell in the image to the left, and a brightfield image of the same juvenile on
the right.



hatched juveniles with fluorescent signals. During a preliminary experiment, egg masses were
exposed to the 0.03 um NPs at 10.0 ppm and did see a hatched juvenile with what looked like
fluorescent NP signals (Figure 12).

Relative Gene Expression Assays

Targeted gene expression was analyzed for stress response, xenobiotic, and innate immune
responses and compared to the control values. Gene expression results for HSP70 showed variation
in gene expression over development for treatment groups, while the control values stayed
relatively similar, as seen in Figure 13. In the figure below and the following, error bars represent
the mean of the standard deviation. At 48 HPT for treatment 0.03 um was significantly upregulated
with a fold change difference of 0.2 from the control, 0.6 from 1.0 um and 0.9 from 0.5 pum (p-

value <0.05). At 120 HPT the control treatment was significantly upregulated with a fold change

Heat Shock Protein-70 (HSP70)

* %k
ook * %
= Control
20.03 pm
* 0.5 pm
B um
]: I
* I '

48 HPT 72 HPT 96 HPT 120 HPT 144 HPT
Hours Post Treatment (HPT)

'S

¥}

Mean AACT (Fold Change)
RO~ =
8] B =) o0 (=]

=
=)

Figure 13: Heat shock protein-70 (HSP70) relative gene expression changes over 144 hours of
exposure to NP treatments (n=4 per treatment). ** Indicates significant fold change value
compared to all on treatments in that period. * Indicates significant difference between another
treatment.



difference of 0.4 from 0.03 um, 0.5 from 0.5 pum, and a 0.7 1.0 um (p-value <0.05). Also, at 120
HPT, 0.03 um was significantly upregulated from 1.0 um with a fold change difference of 0.3 (p-
value < 0.05). At 144 HPT, the control was still significantly upregulated with a fold change
difference of 0.6 from 0.03 um and 0.5 um, and 0.7 from 1.0 um.

For gene CYP450, results also showed variation in gene expression over development for
treatment groups while the control values stayed relatively similar, as seen in Figure 14. At 48
HPT, the 1.0 um treatment was significantly upregulated with a 1.5- fold change difference from
the control, 1.5 from 0.03 um, and 1.7 from 0.5 pm (p-value <0.05). Then at 96 HPT 0.03 pum
treatment was significantly down-regulated by a 0.3 —fold change from control, 0.5 from 0.5 pm,
and 1.0 from 1.0 um (p-value <0.05). At 120 HPT treatment 1.0 um was significantly down-

regulated by 0.5 — fold change from the control, 0.6 from treatment 0.03 um, and 0.5 from
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Figure 14: Cytochrome P450 (CYP450) relative gene expression changes over 144 hours of
exposure to NP treatments (n=4 per treatment). ** indicates significant fold change value
compared to all on treatments in that period. * Indicates significant difference between another
treatment.



treatment 0.5 um (p-value <0.05). At 144 HPT, the 0.03 um was significantly upregulated

compared to control by a fold change difference of 0.5. Treatment 0.5 pum was significantly

upregulated compared to the 1.0 um treatment by 0.6- fold change (p-value <0.05).

Gene MIF, which can be seen in Figure 15, was significantly upregulated for control

treatment during 96 HPT compared to the rest, with a 0.6 - fold change difference from 0.03 um,
0.4 from 0.5 um, and 0.6 from 1.0 um (p-value <0.05). At 120 HPT, MIF was significantly

upregulated for treatment 0.03 um compared to the rest, with a 1.8 - fold change difference from
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Figure 15: Macrophage Migration Inhibitory Factor (MIF) relative gene expression changes
over 144 hours of exposure to NP treatments (n=4 per treatment). ** indicates significant fold
change value compared to all on treatments in that time period. * Indicates significant difference
between another treatment.

control, 1.9 from 0.5 um, and 1.0 um (p-value <0.05). Gene MATNL1, in Figure 16, had similar
significance values compared to gene MIF. During 96 HPT MANTL, the control was significantly

upregulated compared to the rest, with a 0.3 - fold change difference from 0.03 um, 0.4 from 0.5

um, and 0.2 from 1.0 um (p-value <0.05). At 120 HPT, MIF was significantly upregulated for



treatment 0.03 um compared to the rest with a 0.1 - fold change difference from control and

significantly down-regulated 0.1 from 0.5 um and 0.2 from 1.0 um (p-value <0.05).
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Figure 16: Cartilage Matrix Protein (MATN1) relative gene expression changes over 144 hours
of exposure to NP treatments (n=4 per treatment). ** indicates significant fold change value
compared to all on treatments in that period. * Indicates significant difference between another
treatment.

Gene regulation by timepoint of which treatments had significant changes in the up or
down-regulation of the respective gene being evaluated can be below in Table 2. The blue upward
triangle indicates a significant up-regulation of the gene from the control, and the red downward
triangle indicates significant down-regulation from the control. As seen in Table 2, there were no
significant changes in gene regulation among any of the genes at 72 HPT. At 120 and 144 HPT,
gene HPS70 was down-regulated among all the treatments while it had previously only by
significantly upregulated in 48 HPT during treatment 0.03 um. At 96 and 144, gene MAT was
significantly down-regulated among all the treatments. Gene MIF at 96 HPT saw a significant

down-regulation among all treatments and then saw an up-regulation at 120 HPT only by treatment



0.03 um. Gene CYP450 was most affected by treatments 0.03 umand 1.0 um. At 48 HPT, CYP450
was upregulated by 1.0, then at 96 HPT was down-regulated by treatment 0.03, at 120 HPT, it was
down-regulated by 1.0, and lastly, at 144 HPT, all the treatments induced up-regulation.

Table 2: Relative gene expression results organized by HPT.

HPT Gene Expression Treatment Gene
A 0.03 HSP70
48
A 1.0 CYP450
vV 0.03 CYP450
96 vV 0.03,0.5, 1.0 MIF
vV 0.03, 0.5, 1.0 MAT
A 0.03 MIF
120 vV 1.0 CYP450
vV 0.03,0.5, 1.0 HSP70
A 0.03,0.5, 1.0 CYP450
144 VvV 0.03,0.5, 1.0 MAT
vV 0.03,0.5, 1.0 HSP70

Acute Toxicity Assays

The embryo hatching rate and mortality during exposure to four different treatments,

control, 0.03 um, 0.5 um, and 1.0 um NPs, all at 1.0 ppm, were shown in Figures 17 and 18,
respectively. Treatment 0.03 um had a sample size of 109 embryos, 0.5 um had 124 embryos, 1.0

um had 107 embryos, and the control had 101 embryos. Hatching rates in Figure 17 showed size-



dependent patterns with later hatching. On the second and fourth day of hatching, embryos in the
treatment 1.0 um had significantly less hatching than in the other treatments (p <0.05). By day
two, no embryos had begun hatching, while the other treatments all hatched above 50%. On day
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Figure 17: Hatching Rate (%) of embryos over a period of 10 days after embryonic development.
* Signifies significant difference (p-value < 0.05) from other treatments.

four of hatching, 31% less hatching had occurred compared to treatment 0.05 um, and 41% less
hatching compared to treatments 0.03 um and the control.

There were no significant differences (p <0.05) identified in embryo mortality rates
between the control and any of the treatment groups (Figure 18). The 1.0 um treatments had the
highest mortality rate at 12%, and 0.03 um treatments had the second highest at 7%. By day six,
embryos in the control egg masses had either hatched or were deceased. This was the same for
treatment 0.03 um and 0.5 um on day 8. On day ten, the last of the unhatched embryos had died.

The was such a significant difference in death rates compared between all treatments. Overall



results showed that the 1.0 um treatment had delayed hatching compared to the other treatments,

as well as the highest death rates.
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Figure 18: Death Rate (%) of Embryos over 10-day period after embryonic development.



4. DISCUSSION AND CONCLUSION

Nanoplastics in the environment are of increasing concern due to their ability to cross
biological membranes and numerous negative effects on the behavior, development, and survival
rates of organisms. (Balbi et al., 2017; Cui et al., 2017; Lee et al., 2013; Pitt et al., 2018; S6kmen
et al., 2020). In this study, we investigated the effects of NPs on the embryonic development of
Biomphalaria glabrata, a commonly used gastropod in toxicology studies. Although the
accumulation of NPs with all tested sizes was observed in the B. glabrata embryos, the amount of
NPs adsorbed by the embryos could not be consistently estimated by the fluorescent plate reader.
Reduced fluorescent emissions over exposure time were observed across all three NP treatments.
The fluorescent emission results for 0.03 um had a concentration difference of 0.08 difference ppm
compared to the control, which was not supported by fluorescent imaging. Due to the size of the
PNPs at an environmentally relevant concentration, 1.0 ppm, the device may not be able to detect
the fluorescent signals fully. One paper found that 0.2 um polystyrene beads were "readily”
absorbed by zebra fish embryos which did result in size-dependent observations of fluorescent
intensity (Lee et at., 2019). Our fluorescent images were inconclusive and were not able to
determine if the 0.03 um was able to penetrate the outer membrane and therefore affect the
measurable fluorescent intensity.

Fluorescent images of embryonic masses exposed to fluorescently tagged PNPs showed
bioaccumulation of PNPs on the surface of the egg masses across all three treatments. In the first
24 hours of exposure to NPs, the amount of bioaccumulation seemed to be correlated with

increasing size. Treatment 0.03 um had a single florescent signal while the other two treatments
had a much greater amount of accumulation, with treatment 1.0 um having a greater amount than

treatment 0.5 um. Fluorescent images, although qualitative, current data suggest a correlation



between increasing bioaccumulation of PNPs over exposure time, as seen in Figure 7. At 96 HPT,
many more NPs can be visualized as well as clusters of NPs which is suggested by the increased
diameter of fluorescent signals. While the engineered PNPs used are colloidally stable in snail
water, and sinking of PNPs was unlikely to occur, it is known that NPs accumulate in lipid-rich
tissues of mussels and fish and are suspected to also absorb to lipid bilayers of membranes (Rossi
et al., 2014). This could explain the increased bioaccumulation on the outer membrane over
exposure time even while the NPs were not expected to sink during the treatment duration.

While none of the egg masses from the 0.03 um PNPs at 1.0 ppm produced hatched
juveniles with fluorescent signals, a preliminary experiment using egg masses exposed to the 0.03
um NPs at 10.0 ppm did see a hatched juvenile with what looked like fluorescent NP signals in
the shell. This is supported by previous literature, which found bioaccumulation and toxicity are
affected by bioavailability and size in calms, copepods, and zebrafish (Lee et al., 2013; Lee et al.,
2019; Pan et al., 2012). This may suggest, but does not conclusively determine, that NPs at higher
concentrations are capable of being uptaken by embryos during development.

The expression of several stress response genes from B. glabrata was tested under the stress
of NPs in this study. Heat shock proteins (HSPs), or stress response proteins, are a family of
proteins that are over-expressed in response to both abiotic and biotic stimuli. HSP70 is an
important protein within the HSP family that aid in an organism's ability to mitigate stress
responses and cellular damage from the environment (Srivastava 2002; Song et al., 2014). This
gene was chosen as a means to see how PNPs in an aquatic environment could affect an organism's
stress and cellular damage due to stressful environments. The only significant up-regulation of
gene HSP was 0.03 at 48 HPT, while at 120 HPT, the treatment groups were down-regulated

compared to the controls. Thus, the results of this study do not show that 0.03 um PNPs and 1.0



ppm did not induce a prolonged stress response during embryonic development. HSP70 results of
other species showed up-regulation of the stress response when exposed to NP at 1.0 ppm
concentrations (Lui et al., 2019; Abarghouei et al., 2021).

CYP450 is an ancient superfamily of enzymes that plays a prominent role in metabolizing
endogenous substances, including vitamins, steroids, fatty acids, and xenobiotics. Because the
CYP450s are capable of carrying out a diverse range of monooxygenase activities, it allows for
comprehensive protection from an extensive array of xenobiotics that organisms interact with
regularly (Simpson 1997). In research, gene expression is used as a bioindicator for PAH
contamination in various species, including fish and aquatic invertebrates (Li et at., 2021; Whalen
et al., 2010; Chaty et al., 2004). The gene was used to investigate if PNPs would induce a
xenobiotic response. At 48 HPT, only the 1.0 um PNPs showed a significant upregulation
compared to the control, but not again during the treatment period. Then not till 144 HPT 0.03 um
and 0.5 um had significant upregulation. This may indicate that the outer membrane of the egg
mass may serve as protection from xenobiotic interaction with the embryos, as it was not until they
started to emerge did we see another upregulation of the CYP450 gene. CYP expression in other
studies showed upregulation of this gene at doses below 1.0 ppm (Wu et al., 2019).

Matrilin genes, or cartilage matrix proteins (CMP), are a protein family associated with the
formation of extracellular matrices of different tissues. Specifically, the MATN1 gene used in this
study is mainly expressed in cartilage (Deék et al., 1999). A matrilin-like protein sequence was
identified from B. glabrata and is similar to MANT from Mus musculus (Bouchut, 2006).
Furthermore, Wu et al., 2017 found this gene expression during the early development stages of
B. glabrata. We selected this gene coding for MANT1 as a means of determining if PNPs affect

embryonic development. gPCR results yielded no significant upregulation for any of the treatments



over the exposure period compared to the control. This suggests that PNPs at this concentration do
not significantly affect the expression of MANT1. No other study was found using this gene to
investigate responses to NP pollution.

MIF is widely considered to be a multifunctional protein connected to processes such as
cytokine immune responses, cell proliferation, embryonic development, and acute inflammation
(Wang et al., 2009). Mitta et al., 2005 identified sequences similar to MIF of vertebrates in B.
glabrata and then characterized the same function in B. glabrata's response to the parasite S.
mansoni (Garcia et al., 2010). MIF was selected for this study as another stress response of
embryos when exposed to PNPs. Our results showed a significant upregulation of the MIF gene
for treatment of 0.03 um but otherwise did induce a significant change in gene expression
compared to the control. This was consistent with another study's results which found the
concentration of NPs, the stronger the down-regulation of MIF (Isabella et al., 2019).

Many of the genes selected for this experiment were found from studies regarding
parasitology, as relative gene expression has not been studied in B. glabrata concerning NP
pollution. Not all our results for B. glabrata were synonymous with studies of other species, mostly
Daphnia sp. and fish (Abarghouei et al., 2021; Isabella et al., 2019; Lui et al., 2019; Wu et al.,
2019). While gene expression results during embryonic development could not be linked directly
to the NPs from absorption to the embryo, the changes in gene expression could be explained by
the increased bioaccumulation of NPs on the surface of the egg mass, negatively affecting nutrient
and gas exchange to the embryo. Thus the bioaccumulation of NPs on the surface of the egg mass
can induce alterations in the relative gene expression of several stress response genes.

No significant differences were identified between treatments of both hatching and

mortality rates compared to the control, but hatching rates did show size-dependent patterns with



later hatching. The results of the largest of the PNPs used in this experiment yielded the 1.0 um
treatment had delayed hatching compared to the other treatments as well as the highest death rates.
The significance values of our results are not consistent with other studies using B. glabrata which
found other NP materials such as cuboidal iron ions with diameters of 7.5 £3.2 nm at 1.0 to 15
ppm (Caixeta et al., 2021) and spherical cadmium telluride (CdTe) quantum dots of 3 nm at 1.2nM
to 20 nM concentrations (Lima et at., 2018) to have significant effects on mortality and hatching
delay. Our results did follow similar trends as these studies. It is hypothesized that the
bioaccumulation of larger NPs on the surface of the egg mass inhibited the embryo's ability to
hatch and ultimately resulted in their death within the egg mass. This would explain the showed
size-dependent patterns with later hatching, and the largest NP, 1.0 um, would have the longest
delayed hatching and highest mortality.

In conclusion, we were able to investigate the bioaccumulation of PNPs on the egg mass
but did not find evidence of NP pathways to the embryo. Measured genetic responses were altered
from the control groups but did not have consistent significant differences in gene expression
among the treatments. We expected treatment of 0.03 um to have the highest morality, but our
results showed it was the 1.0 um treatment that had the highest mortality rates, as well as hatching
inhibition.

Invertebrates are a major trophic component within the aquatic and terrestrial
environments. Because of their position at the base of their respective ecosystem's food-web(s)
and their reproductive rates, invertebrates are a major source of energy to higher trophic organisms.
Because of this, they often serve as a bioindicator for the health of an ecosystem (Lagadic & Caquet
1998). The bioaccumulation and hatching inhibition as a result of NP pollution in this study

suggest aquatic snails may be at higher risk of toxic NMPs loads and could pose a concern for



biomagnification in an aquatic and terrestrial ecosystem, ultimately polluting human food sources
(Lehner et al., 2019). It is advised to further testing be conducted to further study B. glabrata’s

potential as an indicator of ecotoxicology studies.
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